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Abstract
Buried mines have been so far generally considered undetectable by conventional high
frequency sonars mostly due to the low levels of energy penetrating into the sediment
at high frequencies. Furthermore, in a shallow water environment a high frequency
high grazing angle mine-hunting sonar approach is vastly limited by the coverage rate,
making the detection and classification of buried objects using subcritical grazing
incidence an attractive alternative.
In mine countermeasurements (MCM) applications resonance of man-made elas-
tic targets is a pivotal concept that distinguishes them from rocks or other clutter
that may have a similar mine-like shape. Nevertheless, burial of an elastic target in
the seabed results in a variety of modifications to the scattered response caused by
different physical mechanisms, geometric constrains, and intrinsic properties of the
sediment. The goal of this thesis was to identify, analyze and explain the fundamen-
tal effects of the outer sediment and the proximity of the seabed interface on the
scattering of sound from elastic shells insonified using low frequencies at subcritical
incident angles.
The approach to scattering from buried elastic shells consisted of the development
and the evaluation of ways of computing the scattered field, and the interpretation
of the physical events taking place. A class of numerical models called virtual source
models was developed and used, which take into account and are able to represent
all of the, to our problem, significant physical mechanisms comprising the scattering
effect observable in an at-sea experiment. Time-frequency and array processing meth-
ods for extracting properties of buried target signatures that can be used to classify
the targets based on their re-radiated returns, have been developed. A theoretical
time-of-arrival tool was created and implemented to obtain the expected times of ar-
rival of specular and elastic responses of buried elastic targets and therefore identify
the target elastic waveforms. In addition, a novel focused beamforming approach
that was formulated and implemented, was used to determine the elevation angles at
which specular and elastic returns emerge from the seabed into the water-column.
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Through the analysis of GOATS98 experimental data, validation of target scat-
tering models, and hypothesis validation, the frequency and the amplitude content
as well as the times of arrival of target elastic response have been examined. For the
first time in literature, a difference in the frequency content of clockwise and counter-
clockwise Lamb wave components under subcritical insonification was observed and
explained. Using focused beamforming, specular and elastic arrivals were identified,
demonstrating the different elevation angles at which they emerge from the seabed
into the water-column. As a result, a hypothesis about the physics of propagation of
elastic waves under evanescent insonification was validated, thus confirming that the
nature of the physical processes taking place can not be described using the tradi-
tional wave-tracing arguments, rendering them inadequate under these circumstances.
Furthermore, related to the detection of fully buried targets, which was so far con-
sidered a challenging problem, the shown specifics of the structural waves radiation
and propagation process provide a distinct way of determining the presence of these
otherwise hardly detectable targets.
Thesis Supervisor: Professor Henrik Schmidt
Title: Professor of Ocean Engineering
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of the seabed caused by the shell specular response. The lower-right
snapshot, shows that at 24.9414 ms the specular arrival emerges at a
seabed spot whose center corresponds to the coordinate (X, Y) pair of
(-2,-0.2) m. The physical significance of this result is related to the fact
that this particular point on the seabed corresponds to a particular
elevation and azimuth angle pair (Ospec, Ospec) at which the specular
response is scattered from the buried elastic shell S2. . . . . . . . . 174
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4-22 Focused beamforming, flush buried target - Model data (Part II). The
seabed radiation strength process is continued in time for the elas-
tic responses that follow the specular return. Namely, in the top-left
snapshot we can see the radiation strength of the sand for the second
compressional arrival SOII, which even though of significantly lower
amplitude as represented by the model data discussed previously, em-
anates from the seabed into the water column at a different pint that
corresponds to a new (X, Y) pair of (-1,-0.5) m. Therefore, this point
on the seabed corresponds to a different elevation-azimuth angle pair
(#soii, Osoii) at which the compressional SOII response radiated by the
shell is propagated through the sediment. The bottom part of the
figure depicts a similar process for the first flexural arrival AOI which
arrives at yet another pint on the sediment (X, Y)= (-1.5,-0.3) m which
corresponds to the new azimuth-elevation pair (#AoI, OAOI) character-
ized by its own physics of radiation around the shell and propagation
through the sediment. . . . . . . . . . . . . . . . . . . . . . . . . . 175
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figure shows the seabed radiation strength due to the, in this case,
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4-25 Elevation-azimuth focused beamformed results, flush buried target -
Model data. This figure shows at what particular elevation and az-
imuth angles the target radiated arrivals emerge from the seabed into
the water column. The purple circle on the snapshots marks the (4, 6)
location of the target with respect to the sub-array center. Specular,
compressional SO, and flexural AO waves and their multiples are identi-
fied on different time snapshots of the figure. The first snapshot shows
that the shell specular arrives at the sediment at an elevation 4 of 147'
and the azimuthal angle of 82'. The next snapshot on the right shows
that the shell compressional return SOII arrives at roughly the same
azimuth but very different elevation, namely 4 = 1550 an 8' shallower
angle than the target specular return. The figure also shows that the
elevation angle of the first flexural AOI arrival is 154' and AOII is 153"
which makes the flexural waves also shallower than the specular target
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4-26 Focused beamforming, flush buried target - Experimental data (Part
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corner of each snapshot.In the upper-right snapshot shows that at 21.12
ms the specular arrival emerges at a seabed spot that corresponds to
the coordinate (X, Y) pair of (-0.5,0) m. The physical significance
of this result is related to the fact that this particular point on the
seabed corresponds to a particular elevation and azimuth angle pair
(Ospec, Ospec) at which the specular response is scattered from the buried
elastic shell S2. In the bottom-right snapshot we can see the radiation
strength of the seabed for the second compressional arrival SOII which
emanates from the seabed into the water column at a different point
that corresponds to a new (X, Y) pair of (-0.2,-0.5) m. . . . . . . . . 182
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4-28 Focused beamforming, flush buried target - Experimental data (Part
III).In the upper-right snapshot the AOII return is shown to arrive at
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4-30 Elevation-azimuth focused beamformed results- Experimental data.This
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Chapter 1
Introduction
1.1 Definition of the elastic shell scattering prob-
lem
Buried mines have been so far generally considered undetectable by conventional high
frequency sonars mostly due to the low levels of energy penetrating into the sediment
at high frequencies. The main reason sonar applications have been considered im-
practical is due to the area coverage rate limitation imposed by the critical angle of
the seabed. Mines are often located in very shallow water (VSW), of less than 30m
depth. Critical grazing angles in the coastal oceans are typically 20' - 30' causing the
sonar range to be limited to about twice the ocean depth for propagating penetration
into the sediment. Therefore, in a shallow water environment a high frequency high
grazing angle mine-hunting sonar approach is vastly limited by the coverage rate,
making the detection and classification of buried objects using subcritical grazing
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incidence an attractive alternative.
Targets may become buried into marine sediments, such as sand, through a num-
ber of natural mechanisms, such as scouring due to waves, tides or currents, followed
by sediment transport. In addition, targets can also be designed to bury themselves
and therefore become very well hidden from conventional imaging sonars. At high
frequencies, typically above 100 kHz, and at low grazing operational angles the level
of sub-bottom reflected response is reduced by sediment absorption losses to levels
well below the sea floor reverberation level. The insonification of the sediment below
the critical angle creates the evanescent field which decays exponentially with the
burial depth in the sediment. Thus, subcritical detection of buried objects, while
desirable for the expanded detection range, may also be a challenging approach.
A sonar used for buried object detection has an operational requirement of low
enough frequency to limit the propagation loss in the sediment, while maintaining
high enough frequency for sufficient resolution. This is a particular requirement of
high resolution at low frequencies characterizes the buried object detection problem.
Similar to the conventional imaging sonar, the necessary resolution can be obtained
using wide band signals and directional arrays, but the approach is complicated by
low frequencies and a necessity for compact sonar designs.
1.2 Previous Approaches
The analysis of acoustic scattering by elastic shells, such as spheres and cylinders, is a
topic that has been receiving attention for the last couple of decades (Flax et al.,1978;
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Neubauer, 1986 Derem, 1987; Veksler, 1993;). For sonar target recognition applica-
tions, the setup of a pertinent signal processing scheme requires a detailed knowledge
of the forward problem defined by the interaction of the insonifying acoustic field with
an elastic object. The analysis of the target acoustic signature is of prime importance
since it aims to identify a set of relevant parameters that due to their direct relation-
ship to the occurring physical processes best encompass the signature characteristics
, and therefore enhance the robustness of the classification schemes. The Resonance
Scattering Theory (Flax et al., 1978) can be used to link both the position and the
damping of the target resonances to the geometrical and physical properties of the
elastic object, and some attempts have been made to set up a target recognition
scheme based on the analysis of the resonance spectrum. In these, and the studies
that followed, the characterization of the scattering problem was mainly performed
in the frequency domain.
In the past, several approaches that are concerned with the development and the
application of methods for numerical prediction of elastoacoustic scattering from a
variety of submerged or embedded targets, have been formulated. Some of the ex-
isting methods are normal mode theory, variational, weighted residual and integral
transform techniques and the extended boundary condition or the T-matrix method.
Among the theoretical solutions, exact formulations have emerged for calculating
the scattered field from general elastic bodies embedded in a fluid half-space[2, 3],
an elastic half-space[4], and in fluid layered waveguides[5, 6]. The work to follow
was concentrated on the salient features of the scattering in the vicinity of medium
boundaries[7, 8, 9] and formed the basis for understanding the physics of acoustic in-
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teraction with objects that are either suspended in shallow water or buried. Some of
the previous analysis[10] focused on formulation and numerical implementation of a
theoretical scattering model featuring a bounded source field incident at supercritical
angles and the dominant components of a realistic water-sediment environment. A
limited verification of the model with data from an experiment to detect and charac-
terize buried steel shells was achieved.
Throughout the late 1980s authors such as Kargl and Marston [11] have made
observations and done modeling of the backscattering of short tone bursts from elastic
spherical shells in terms of Lamb wave returns, axial reverberations ans glory effects
often using a generalization of the Geometric Theory of Diffraction to elastic objects
in water described in [12, 13]. In other work carried out by these authors, plane
wave scattering from elastic spheres and cylinders was written in terms of infinite
partial-wave series and Sommerfeld-Watson transformation has been introduced [14]
for rapid convergence of the series.
Thus far, theoretical analysis focusing on the scattering from elastic shells near
boundaries has dealt with how the free-field resonance structure of the shell is influ-
enced by the sediment loading and interface interactions. In particular, the discussion[5,
6, 7] was concentrated on the origin of modifications to the resonance structure giving
rise to the classically observed symmetric and antisymmetric Lamb modes on shells
and plates. In this regard, a spherical shell scattering sound near the boundaries of
the sediment is expected to exhibit: splittings of the free-field resonance structure,
anomalous enhancements at given frequencies and depths in the layer, a shift, due to
sediment loading, of the free-field resonances associated with the subsonic branch of
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the bifurcated first antisymmetric Lamb mode.
Others[1] have used resonance scattering theory (RST) models in combination
with experimental results to address the dynamics of elastic waves re-radiated from
spherical shells buried at different depths and insonified with a bounded beam at
supercritical incident angles. The methodology of low frequency target classification
was based on frequency and dispersion curve analysis of all the target scattered com-
ponents in order to extract information about the shape, size, geometric and elastic
parameters.
1.3 Motivation
One of the central issues regarding the physics of scattering from elastic shells is
the isolation and the analysis of the resonant excitations of the system. In mine
countermeasurements (MCM) applications, resonance of man-made elastic targets is
a pivotal concept that distinguishes them from rocks or other clutter that may have a
similar mine-like shape. Nevertheless, burial of an elastic target in the seabed results
in a variety of modifications to the scattered response caused by different physical
mechanisms, geometric constraints, and intrinsic properties of the sediment. While a
considerable attention has been devoted to the problem of scattering from submerged
shells, and some attention to scattering from partially buried shells, flush buried shells
have rarely been investigated, not due to the necessity to address this problem, which
undoubtedly exists, but owing to the fact that flush buried targets are difficult to
detect and, even more so, the response they produce is challenging to analyze as the
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complete burial into the sediment greatly affects the shell response observable in the
water-column.
While the initial response in the sonar detection community was to investigate
the modes of energy coupling in the sediment through both the seabed roughness
scattering and the frequency-selective phase matching from the ripple structure [15],
much of the attention is now being devoted to the analysis and the classification
of the sediment altered elastic target scattering response. Being evident that lower
frequencies posses better sediment penetration properties due to lower attenuation
as well as a slower decaying evanescent field below the seabed interface, they become
a preferred choice for detection of buried objects using sub-critical incidence. In
addition, it has been established that at lower frequencies, man made targets, such
as elastic shells, support the excitation and radiation of strong structural waves and
resonances that create a specific acoustic signature that distinguishes them from other
objects, and therefore can be used in detection and classification of targets.
In addition, knowledge of bistatic buried target responses is of increasing impor-
tance in active surveillance systems concepts. Full scale measurements of monos-
tatic target strengths are expensive and difficult, and become impractical for general
bistatic geometries. A leap from more traditional supercritical monostatic receiver-
target configuration, to a bistatic setup is a logical and necessary step in the initiative
to obtain useful information that can be used in the target detection and classification
process.
Most of the work in the area has addresses the far-field, monostatic scattering
problem, even though the preferred surveillance systems concepts such as AUVs could
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often make better use of bistatic near-field target response characterization.
The reasons presented above were the precise motivation of this work to investigate
flush and partially buried targets in near-field bistatic configuration, insonified using
subcritical incidence.
1.3.1 Limitations to previous approaches
The calculations performed in the previous work mentioned in section 1.2 have gen-
erally ignored sediment attenuation, shear rigidity, porosity, details of the incident
field, and rarely include multiple scattering considerations. Therefore, the environ-
mental models used in previous investigations may not be sufficiently realistic for
a precise comparison with experiments when considering scattering from a buried
object. Some justification for these neglected factors was based on experimental
measurements of reflection and propagation across sediment interfaces that show the
assumptions may be viable at supercritical incident angles. Through experimental
propagation measurements[16] it has become evident that: these assumptions may
not hold at near and subcritical grazing angles; it is doubtful whether the evanescent
field incidence on the shell can be treated in a traditional plane-wave, ray-tracing
approach.
An initial investigation of bistatic scattering of evanescent insonification from
buried targets [17] has postulated that at low frequencies (2-5 kHz range) the target
scattering is dominated by the specular scattering of the evanescent lateral wave,
with the back-scattering being excited by wave tunneling. While at high frequencies
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(10-15 kHz range) the specular component becomes less significant due to the shallow
penetration depth of the lateral wave. It however is suggested for shells to be coupled
efficiently into the flexural Lamb wave that radiates directly into the sediment and
transmit into the water column at super-critical angles. This would suggest, the tra-
ditional plane-wave, ray-tracing approach to the propagation to and from the target
is inadequate, and should be replaced by a scattering model incorporating a wide
spatial spectrum of scattered propagation angles. The observed discrepancies with
standard full-wave acoustics propagation models may reflect the manifestation of an
unidentified variable in the environment.
In order to properly account for the physical mechanisms of scattering, it is im-
portant to understand the basic physics underlying the penetration of acoustic into
ocean sediments. Snell-Descater analysis [18] predicts evanescent energy propagating
in the sediment for sub-critical grazing angles. Recent investigations [19, 20] have
shown experimental evidence of "anomalous" acoustics penetration below the crit-
ical grazing angle, where anomalous refers to levels above those predicted for the
evanescent field. Several theoretical explanations have been formulated for this phe-
nomenon, including: scattering due to roughness of the water-sediment interface [21],
the effect of using a narrow beamwidth [22], the porous nature of the sediment that
leads to a second "slow" compressional wave with a wave speed less than the speed of
sound in water [20] and volume homogeneities within the sediment that have shown
a role in back-scattering and may also scatter the evanescent wave[23, 24]. An at-sea
experimental and modeling study [15 had attempted to quantify the contributions of
the evanescent field and roughness scattering to the penetration into the sediment. It
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suggests the presence of two main mechanisms, the relative significance of which de-
pends on the frequency range in question. In case of the low frequency (up to 5-7 kHz
for the seabed in question), the main contribution to the penetration is the evanescent
coupling in combination with the finite beamwidth effect, while roughness scattering
provides a reasonable explanation for the anomalous levels observed at higher fre-
quencies. It was also observed that significant amounts of energy are penetrating in
the 2-3 kHz frequency band, even for low grazing angles. This suggests a potential
benefit of using sonars in this frequency range for the detection of buried objects.
While occasionally addressed in scattering from buried targets literature, and
rarely taken into account by available target scattering numerical models, multiple
scattering may play a significant role in complex shallow water environments where
sound waves scatter from different objects and interfaces before they reach a receiver.
For this reason, a class of the target scattering models addressed and used in this
thesis do take into account target multiple scattering effects.
To alleviate the shortcomings of the single-domain representation inherent in ap-
proaches such as the Resonance Scattering Theory (Flax et al., 1978) and hence to
improve the classification process, the concentration of this work is turning toward
the time-frequency representation rather than pure characterization of the scattering
problem mainly performed in the frequency domain.
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1.4 Objectives
The study of scattering from elastic targets can be divided into two distinct but highly
related parts. One part, or a direction, deals with ways to compute the scattered
field, while the other one, with how to interpret and make sense of the physical
events taking place. And the objective of this work was to proceed in both directions
in unison, since due to their interdependency, taking a step in one direction would
irrevocably necessitate taking the next step in the other. It is this precise dichotomy
of the problem that has sometimes in a considerably focused manner, and other
times more rapidly, lead this work through the phases, from brainstorming of ideas,
analytical data observations, to ideas on modeling, back to model validation with
the experimental data, and finally towards the conclusions based on all of the above.
Rather than the straightforward examination of the problem at hand, which in many
ways it is, this work attempts to go a step further into the fiercely complex and
intricate realm of scattering from buried shells, and gain insight and the reasons for
certain physical mechanisms taking place, provide explanations for their existence,
and the way in which they combine to produce the observable results.
Since it is impossible to achieve this goal without an appropriate model, over
the years, a considerable attention and effort has been devoted to a new class of
numerical models called virtual source models, which would undoubtedly take into
account and be able to represent all, or many of the, to our problem, significant
physical mechanisms comprising the overall scattering effect observable in an at-sea
experiment.
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Therefore, this thesis aims to identify, analyze and explain the fundamental effects
of the sediment and the proximity of the seabed interface on the scattering of sound
from elastic spherical shells insonified using low frequencies at subcritical incident
angles. The global objective of this work is to develop methods for extracting prop-
erties of buried spherical objects and therefore classify them using the re-radiated
target returns. In addition, through the development and validation of target scat-
tering models, it seeks to represent and describe the physical events taking place,
especially under evanescent incidence, by analyzing their individual effects as well as
their coupled contribution.
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Chapter 2
Physics of Scattering from
Submerged and Buried Elastic
Spherical Shells
In the beginning of this chapter the physics of scattering from submerged and buried
elastic spherical shells is described. In the latter part of the chapter, the approach
taken in this thesis to scattering from buried elastic spherical shells is formulated and
explained.
2.1 Theory
Under free field conditions, the acoustic pressure p, scattered by an elastic fluid-
filled spherical shell, insonified by an incident plane wave with acoustic pressure pi =
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Figure 2-1: SO compressional and AO flexural elastic waves circumnavigating a shell
in free field, and radiating at a wave-type specific angle c* [1].
poei(kr-t), can be presented in a series form:
(2.1)Ps = poe-iwt E in(2n + 1)Anh(1)(kr)Pn(cos 9)
n=o
where po is the pressure amplitude of the incident wave, k is the wave number, r is
the range, 0 is the scattering direction angle, n is the modal order, h() is a spherical
Hankel function of order n, An are coefficients to be determined from the boundary
conditions, and P is the Legendre polynomial of nth order. The scattered field can
be also expressed in terms of the form function F(O):
(2.2)Ps = Pi ( )F(O)2r
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where a is the spherical shell's outer radius. In the far field (i.e., for r - 00), the
backscatter (0 = 7r) form function F(7r), expressed as a sum of partial waves F,(7r),
becomes
F(7r) = n F,(7r) = - Z(_1)n(2n + 1)An (2.3)
n=O ikan=O
Elastic waves generated on the shell of a radius R are, in general, dispersive, and have
phase Cph,n, and group Cg,n velocities relating to modal frequencies fn using RST [25]
ICph,nI = 27rRf_ (2.4)
n + 1/2
Cg,n = 27rR(fn - f(n_1)) (2.5)
The flexural waves revolving around the elastic shell are represented as a curved
plate generalization of flat plate symmetric So [26, 11] and antisymmetric AO [26, 27]
Lamb waves. In the low to mid-frequency range of the 2 - 15 kHz bandwidth, the
symmetric So wave is supersonic, almost non-dispersive, and travels in the shell with
the phase and group speeds almost coinciding, and asymptotically tending to the shell
membrane wave speed C*herl. Due to the contrast between the shell membrane speed
CsheI1, and the shell exterior medium speed Cext, So re-radiates at each revolution at
the 0* angle given by:
0* = arcsin Cext (2.6)
\CshellI
The influence of the outer medium on the wave dynamics, and the amount of energy
radiated by this wave, is expected to be fairly insignificant in this frequency regime.
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Figure 2-3: Elastic waves circumnavigating a partially buried shell. In the case of
a far off receiver in monostatic configuration, clockwise and counterclockwise wave
travel paths are similar. This is not the case for a receiver in near field and in the
bistatic configuration [1].
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The antisymmetric, or flexural, A0 [26, 27] wave that travels on the spherical shell
in vacuum, bifurcates into two Ao_ and A 0,, dispersive flexural waves upon the fluid
loading of the shell exterior. A0_ apparently has more significant effect on the acoustic
scattering amplitude of the target. At low frequencies, it is flexural in nature, and the
effect of the fluid loading on its speed is essentially inertial. In this frequency region, it
was previously expected to be only slightly influenced by the outer-medium properties,
much like the So wave. Mid-frequency enhancement, a phenomenon attributed to
velocity matching [28], occurs at the coincidence frequency where the flexural wave
speed approaches the compressional wave speed of the exterior medium of the shell i.e.
CphA0_ = ceXt- In the mid-frequency enhancement region, at the coincidence frequency,
the shell flexural response amplitude becomes maximum. In this frequency region,
A0_ re-radiates into the exterior medium approximately tangentially to the shell with
its maximum group speed. Beyond the coincidence frequency, the A0 _ wave becomes
predominantly fluid-borne subsonic, making it difficult to detect due to radiation
damping with increasing frequency. As a consequence, at the coincidence frequency
and beyond the Ao_ wave dynamics and its amplitude are strongly influenced by the
shell exterior medium sound speed.
On the other hand, for frequencies less than the coincidence frequency, the other
counter part of the flexural wave, the A0, wave, is fluid borne subsonic, highly disper-
sive and radiation damped, and therefore almost undetectable. At the coincidence
frequency where its phase speed approaches the external medium sound speed, it
changes from fluid-borne to flexural, it becomes supersonic, less dispersive and there-
fore more easily detectable.
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Figure 2-4: Time series of the incident Ricker pulse replica.
Figure 2-2 represents a modeled response of a water-loaded elastic spherical shell
in free field to a Ricker pulse replica centered at 8 kHz shown in figure 2-4. Using
time of arrival analysis discussed in section 2.3.1, the times of arrival of So and AO
waves were calculated and the appropriate wave forms are identified on the figure.
It should be noted that the analysis to follow focuses on the low to intermediate
frequency range i.e. 2-12 kHz, the high end of which encompasses the midfrequency
enhancement region, therefore accounting for the bandwidth region where So and AO_
wave forms are most dominant while the response due to A0, wave form is negligible.
Therefore, a convention of referring to Ao_ wave form simply as Ao wave will be
adopted and maintained throughout the rest of this thesis.
The parameters used in simulating the elastic shell in free field response are shown
in Table 2.1:
Figure 2-1 is a schematic of the So and AO Lamb wave travel paths revolving
around the spherical shell in free field. For thin-walled spherical shells the radius R
of the circumferential wave path corresponds to the shell outer radius for both So and
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Figure 2-5: Power spectrum of the incident Ricker pulse replica
Table 2.1: Parameters related to the elastic shell in free field
steel compressional wave speed, c, 5950 m/s
steel shear wave speed, c, 3240 m/s
membrane speed, cel 5435 m/s
steel density, p 7.7 g/CM3
water density, pw I g/CM3
water sound speed, c, 1520 m/s
shell outer radius, r 0.53 m
shell wall thickness, h 3 cm
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2.2 Effects of Object Burial
The acoustics frequency response of a given elastic object can be determined in an
unbounded, homogeneous region, allowing acoustics wave scattering from underwater
objects to yield information about the object that can be used for detection and
identification. However, when the object is buried in the sediment, detection above
the sediment is greatly impaired as the object is masked by the effects of the local
acoustics environment. These effect are comprised of: interactions of the insonifying
field with the water-seabed interface, object-interface interactions mediated by the
multiple reflections of the scattered field, modifications of the acoustics response of
the object due to sediment loading, peculiarities of physical mechanisms of evanescent
field interaction with the object, effects due to intrinsic properties of the sediment
such as attenuation, shear rigidity and porosity.
To elucidate the modifications to the scattered field and explain the physical mech-
anisms taking place, solutions for the evanescent field scattered from elastic objects
embedded in realistic bounded environments are necessary. Computationally efficient,
physics-yielding models together with carefully controlled experimental measurements
are required in order to identify and clarify the effects resulting from object burial.
Under partial burial conditions, the re-radiation angle for each wave in each
medium is related to the medium wave speed. According to the high frequency argu-
ments, trace velocity-matching criterion determines the point at which the incident
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field couples to the shell and therefore affects the resulting re-radiation angle.
In theory for supercritical insonification and monostatic target-receiver configu-
ration, the compressional part of the shell elastic response labeled the So wave, is
not expected to be greatly influenced by the burial depth. A slight shift of its first
few resonance modes, toward lower frequencies is expected due to the significantly
greater sediment inertial loading on the shell. The frequency shift is expected to
increase with the percentage of the target surface in contact with sediment.evident
for the first mode and less and less evident as the modal order increases.
At low frequencies, the A0 wave is expected to behave similar to the So wave,
where its subject to inertial loading and its first few free field modes tend to shift to
lower frequencies. As the A0 wave becomes fluid-borne, its phase speed increases to
approach the exterior sound speed, which is now higher in sediment than it was in free
field. Due to the direct relationship between frequency and phase speed expressed
in equation 2.4, the modes of A0 that are excited in the mid-frequency regime are
expected to experience the upward shift upon burial.
Based on the high frequency arguments, in one of the previous investigations by
Tesei, [1] a postulate has been made that the timing and coupling of the waves going
around the shell at any point on its surface, depends on the local exterior parameters
at that point only. One of the goals of the research presented here, is to further
investigate these mechanisms and establish their dependency on the factors in play.
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2.3 Approach to Scattering from Buried Elastic
Shells
As addressed in section 1.4, the approach to scattering from flush and partially buried
elastic shells was developed in two specific, but mutually dependent directions.
In one of these directions, Chapter 3 describes two distinct types of target scatter-
ing models that were in part developed and used, in order to represent the physical
events taking place and to be validated against the experimental data. In the initially
used target scattering model, the scattered field generated by a target is expressed
as point source shaded by a target specific beampattern. In sections 3.2 and 3.3, a
2D and 3D spherical elastic shell formulations were compared in order to establish
their equivalence or to suggest otherwise. A discussion on the advantages and the
disadvantages of each type of models as well as on their applicability to the problem
at hand, is presented in Chapter 3. As shown in Figure 2-6, in a complex shallow
water environment there are many objects from which sound can scatter before reach-
ing a receiver, and it therefore may be necessary to account for multiple scattering.
A need for more realistic and versatile modeling capabilities that would be able to
handle partially buried objects of arbitrary shape as well as water-seabed interfaces
of arbitrary shape that also include multiple scattering between the target and the
seabed interface or between two scattering objects, has brought about a new class of
target scattering models based on virtual source distribution, described in sections
3.5 and 3.6.
The approach taken in the other direction, deals with the identification and the
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Figure 2-6: Multiple scattering between the target and other objects or interfaces,
may play a significant role in a busy shallow water environment.
analysis of physical events exhibited in buried elastic shell experimental and model
data. It consists of time-frequency analysis of target scattering model and experi-
mental time series shown in sections 4.2 and 4.3, and the array processing of model
and experimental data described in section 4.4, while at the same time verifying and
validating modeling capabilities by comparison of a Chapter 3 described target scat-
tering model results and experimental results. However, in order to perform either of
these analyses, several unknown parameters and factors had to be obtained or deter-
mined a priori. One of the considerations deals with determining the new position of
the horizontal line array (HLA) that has shifted from its nominal position during the
GOATS98 experiment. This procedure is described in section 2.4.2.
Another one of these considerations concerns the dispersion curves for compres-
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sional SO and flexural AO waves as they revolve around the shell according to the
radiation process defined in section 2.1. Appendix A describes how these dispersion
curves were obtained by Tesei[1] at SACLANT Underwater Research Center in La
Spezia, Italy. Once the location of the HLA and the speed of AG and SO waves for
buried targets was determined, a tool for wave travel-time determination could be
developed as described in the following section.
2.3.1 Wave Travel-Time Determination Method
The objective of the travel-time tool is to facilitate quick calculation of expected
arrival times of specular, AG, and SO waves from a point on the shell to a particular
point in the water-column. Thus, this theoretical time-of-arrival modeling tool, is
implemented in Chapter 4 to obtain the expected times of arrival of specular and
elastic responses of buried elastic targets. These theoretical expected arrival times
are superimposed on the target scattering model results as well as on target scattering
experimental results. By carrying out this procedure, the waveforms that comprise
the target elastic response are identified in time, and the peculiarities of the amplitude
and the frequency contents of identified arrivals, can then be attributed to a particular
waveform and further analyzed.
Using 3D vector calculus, the travel-time modeling tool determines the points on
the shell from which AO and SO waves emanate to any point in the water-column.
Given known locations of the HLA receivers, it calculates the time it takes for the
specular and the elastic returns to reach a given receiver. Therefore, corresponding
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travel times in the shell, the sediment, and the water are obtained. Snell's law is used
to calculate the refraction effects at the water-sediment interface.
Knowing the point at which the specular reflection is located on the shell, the
distance traveled along the shell in both clockwise and counter-clockwise direction
is calculated. The angle of radiation from each waveform is known by utilizing the
phase matching formula 2.6. Therefore, the point of the emanation on the shell
can be obtained by a dot product between the vector path in the sediment and the
shell radial vector. The point at which the ray hits the water-seabed interface is
determined by the location oh the receiver and the angle obtained by the Snell's law.
Once the distances connecting the points of interest are determined, the corre-
sponding wave speeds are necessary to determine the times of travel. Regarding
waveform speeds as they revolve around the shell, in a study conducted by Tesei et
al. [1], auto-regressive spectral method that is further discussed in Appendix A is
used to determine the phase and group speeds of compressional SO and flexural AO
waves sediment and water loaded elastic shell. Dispersion curves of SO and AO waves
give frequency dependent speeds in the 2-15 kHz regime, which coincides with the
frequency regime of the GOATS98 experiment. Since group wave speeds are the ones
at which information travels, they are the ones of interest for travel-time analysis of
target scattering model and experimental responses in Chapter 4 . For the purpose
of the travel-time calculation for the expected times of specular and flexural wave
arrivals, speeds of AO and SO waves at the center frequency of 8 kHz are calculated
from the group speed dispersion curves provided in by Tesei in [1], with a result of
2200 m/s for AO wave group speed, and 5650 m/s for the SO wave group speed, when
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the shell was flush sediment loaded. In the partially buried target case, the water
loaded segment of the shell saw AO group speed of 2000 m/s and SO group speed of
5435 m/s. Once the speeds of elastic waves are established, and the compressional
wave speeds in the sediment and water were determined in situ [15] to be 1640 m/s
and 1520 m/s correspondingly, the travel time calculation of particular arrivals can
be carried out.
Figure 2-7 represents a flush buried target ray diagram for the shell specular return
in cyan, SOI and SOII waves in blue, and AOI and AOII waves in black, as they emanate
from their corresponding points on the shell, travel through sediment and water and
are received by a given receiver along the HLA. Figure 2-8 is a zoom in of Figure 2-7
where the angles of radiation of each waveform are shown, followed by the refraction
through the sediment-water interface.
The times of travel in shell, sediment, and water for clockwise and counter-
clockwise AO and SO waveforms and their multiples can be used to identify the arrivals
in time-frequency plots and in the complex envelopes as done in sections 4.2-4.4. With
the help of this algorithm, the procedure that used to be time consuming, prone to
error, and that had to be repeated by hand for each receiver, was automated and can
be performed immediately.
2.4 GOATS98 Experiment
A series of GOATS experiments is being conducted with a long-term objective of
developing new sonar concepts which exploit the information about target charac-
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Figure 2-7: Flush buried target ray diagram for receiver #69. The tool determines
and represents the propagation paths of the specular and the elastic returns towards
a selected receiver of the HLA in the water column above the target. Based on these
paths and the wave speeds the times of arrival are calculated.
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Figure 2-8: Flush buried target ray diagram for receiver #69 - zoom in. The tool
determines the emanation angles and propagation paths of the specular (cyan), com-
pressional SO (blue) , and flexural AG (black) returns with respect to a selected receiver
of the HLA in the water column above the target.
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teristics available in the 3-D multistatic field, and to attain improved detection and
classification of buried targets.
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Figure 2-9: Top view of GOATS98 experimental configuration. A phase of the
GOATS98 experiment consisted of a stationary parametric source TOPAS parametric
projector with a frequency range 2 - 16kHz was mounted on a 10m tall tower allow-
ing target insonification at grazing angles below the critical grazing angle of 240 .The
target field of interest consisted of three identical air-filled steel spherical shells S1
deeply buried, S2 flush-buried and S3 half-buried. A 128 element HLA was paled 5m
vertically above the flush buried target S2
The GOATS98 experiment was primarily aimed at developing an improved fun-
damental understanding of the physics of three dimensional acoustic scattering from
proud and buried objects. GOATS98 focused at exploring some of the fundamental
aspects of the autonomous ocean sampling network technology to mine countermea-
sures (MCM) in shallow and very shallow water. The GOATS98 experiment provided
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a first step towards the development of future MCM sonar concepts, by achieving a
unique measurement of full three dimensional scattering by man-made and natural
objects, along with the associated seabed reverberation. At the same time it demon-
strated the use of AUVs as acoustic receiver platforms for MCM, and their potential
for rapid environmental assessment in shallow littoral environments.
Detection and classification potential of multi-static configurations was explored
by investigating the differences in 3D characteristics of seabed reverberation and tar-
get returns. Since both aspect-dependent targets and seabed ripples produce strongly
anisotropic scattered fields, the differences in their spatial and temporal structure
are better exploited by multi-static sonar configurations, with a potential for both
detection and classification performance enhancements compared to the more classi-
cal sonar systems [29]. With the limited spatial coherence of target signals, the new
multi-static sonar concepts exploit the differences in scattering directionality between
targets and reverberation. The anisotropic spatial structure of the target field is criti-
cal for detection and classification enhancement of bi and multistatic MCM concepts.
In addition, the frequency dependence of monostatic and bistatic target scattering
is of significant consequence for detection and classification of buried objects. Some
of the previous modeling studies [30] have suggested that significant gains can be
achieved by operating in a lower frequency regime i.e. 1-3 kHz, where the evanescent
penetration coupling is strong.
The central modeling issue of the GOATS98 experiment was validation of OASES-
3D modeling capability for accurately representing the physics of bottom target scat-
tering and reverberation. Furthermore, modeling related to GOATS98 experiment is
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associated with the both the detection and classification issue and the evaluation of
the feasibility of detecting flush and partially buried mines at subcritical angles in
multistatic configurations.
The GOATS98 experiment was carried out in May 1998 in 12-15 m deep water off
the coast of island of Elba, Italy. Prior to the experiment a number of spherical and
cylindrical targets were buried at different depths, within a 10x1O m area of sandy
bottom. The thickness of the sand was several meters and it has provided an envi-
ronment for the penetration and the target scattering investigation. A bistatic phase
of the GOATS98 experiment consisted of a stationary parametric source TOPAS in-
sonifying a target field. As depicted in Figure 2-9, the parametric projector was
mounted on a 10m tall tower that could be re-positioned along a 20m long rail on
the seabed allowing target insonification at grazing angles below as well as above the
critical grazing angle of 240. The TOPAS transducer was used to insonify the target
field with a highly directional beam. It consists of 24 horizontal staves, electronically
controlled to form a beam in a selected direction. The secondary frequency range of
the source was 2 - 16 kHz. The target field consisted of three identical air-filled steel
spherical shells S1 deeply buried, S2 flush-buried and S3 half-buried, each of 1.06
m outer diameter and 3cm shell thickness. The spheres were deployed in line with
the TOPAS rail. The rationale behind having three identical spheres was to make it
possible to evaluate the variation of detection of performance as a function of burial
depth and grazing angle in monostatic, but primarily in bistatic configuration. In
addition, two steel cylinders were flush-buried at aspect angles of 900 for C1 and 450
for C2. The 2m long and 50 cm diameter cylinders were both water-filled having
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a shell thickness of 6 mm. Both of the cylinders were flush buried in the sediment.
The different cylinder orientations effectively emphasized the fundamental difference
in the bistatic target returns as well as providing a base for multiple aspect response
analysis. The source with secondary frequency band of 2 - 16 kHz and the center
frequency of 8 kHz insonified S2 sphere at a sub-critical incidence of 180 using a
highly directive beam. A combination of fixed and mobile arrays was available for
recording the 3D scattered field. Among them, a 128 element horizontal line array
(HLA) in bistatic configuration with 9 cm element spacing was suspended 5 m verti-
cally above the flush buried spherical shell S2. The data received on the HLA proved
to be of high quality and represents an important contribution towards establishing
the validity of numerical models and investigating the above stated target scattering
physical phenomena.
2.4.1 Approach to Focused Beamforming
The HLA in the experiment was operated in a very near field with respect to the
target. The near field is defined as r ; <, where in our case distance to the target
is r = 5m, and at the center frequency of 8kHz wavelength A = 0.19 m, with the
length L of the whole array aperture of 11.43 m.
Beamforming along sections of the HLA was done, initially in order to determine
the azimuthal angle of arrival of returns. Also, the HLA was segmented in 3 sub-
arrays for the beamformer to be able to handle the wave-field inhomogeneities, but
at the expense of the focusing ability. Figure 2-10 represents the configuration of a
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Figure 2-10: Focused beamforming configuration of a back- scattering segment of the
array, receivers 1-46, in the focused beamforming coordinate system where the center
of the coordinate system is lying on the seabed, # is the elevation angle with respect
to the vertical z axis, and 0 is the azimuth angle with respect to the x axis. At a
range R, the beamforming cone intersects the seabed creating a set of intersection
points that describe a hyperbola.
back- scattering segment of the array, receivers 1-46, in its coordinate system where
the center of the coordinate system is lying on the seabed, # is the elevation angle
with respect to the vertical z axis, and 0 is the azimuth angle with respect to the
x axis. At a range R, the beamforming cone intersects the seabed creating a set of
intersection points that describe a hyperbola. Initially, as shown in the section 4.4.3,
focused beamforming was done for a fixed elevation # and ranging azimuth 9 to
produce, time-azimuth plots. These show the azimuthal angle of each arrival at that
particular elevation. However, the genuinely useful information for portraying the
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larger picture of the overall problem, would come from establishing the elevation
angle q at which the specular and the elastic returns emerge from the seabed into the
water-column. This particular angle would provide information about the sediment
propagation paths of particular shell radiated wave types, and therefore would give
insight in the physical phenomena that take place around the radiating sediment
loaded shell. The straightforward focused beamforming approach that focuses on a
single point in the sediment could not provide this information. Instead, by focusing
the beamformer to different points on the seabed, the range and the elevation of
different wave types was determined, therefore determining the effective radiation
strength of the particular area of the seabed.
In order to obtain the information of interest, focused beamforming was repeated
for each discrete elevation q. Thus, a matrix that contained arrivals at elevation-
azimuth points was generated. The elevation-azimuth pairs were projected to the
seabed interface to obtain a set of XY points on the seabed surface constituting a
family of hyperbole. Then, the arrivals at each XY pair were appropriately delayed
in time, creating a real-time map of beamformed seabed radiation strength caused
by the elastic shell response beneath it. This procedure will be described in more
details in section 4.4.4. As a result, various types of specular and elastic arrivals were
identified, demonstrating the different elevation angles at which they emerge from the
seabed into the water-column.
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2.4.2 Determination of GOATS98 HLA Receiver Positions
The objective of the work described in this section was to determine the position of
128 HLA receivers in 3D, as they shifted from their original position in Figure 2-9
during the GOATS98 experiment. The 128 receivers were placed in a plastic tube
that for short segments can be considered rigid, but for the whole length of the
array i.e. 11.43m can assume a shape in 3D. Linear, quadratic and cubic overall
shapes were considered. In the experiment, the array was nominally placed in a
linear configuration but due to the currents and some slack on the array it could have
assumed a different shape.
Estimation Approach
Available information:
1. Target field geometry: position of the source, position of S2 and S3 targets
2. Complex envelope of the direct and S3 arrivals
3. The distance between the adjacent receivers of the HLA is 9 cm
Available geometric and time of arrival information was used to set up a set of
related objective functions F(x) to be minimized. The functions involved S3 specular
arrival times, S2 specular arrival times, sonar beam direct arrival times, arc length
between the receivers and an assumed overall 3D shape of the HLA. Since the location
of specular S2, as a physical constraint, is closely related to the performance of the
optimizer, the arrival confirmed as the specular S2 arrival gave minimum objective
functions errors during the minimization process.
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The set of objective functions was minimized by defining this as a non-linear least
squares problem that employs a large scale algorithm based on a variation of Newton's
method. The minimization was of the form:
min(x)(f (x)) = fi(x) 2 + f 2 (X) 2 + ... + fm(X) 2 + L,
It requires inputs as a vector valued function
F(x) = [fi(x); f2(x); f3(x)],
L=constant
where x is a vector
so the problem becomes
min(X) |IF(x)|I2 = 1/2Zfi(x)2
Also, a 3D shape of the curve and the arc length between the receivers was imposed
using a parametric representation of the curve. Polynomial expansion for the receiver
positions was used. A quadratic shape assumption gives:
x(s) = a, + a2s + a 3S2 (2.10)
y(s) = b, + b 2 s+ b3S 2
z(s) = ci + c2s + C3S2
Other possible expansion options involved Brazier curve representation for added sta-
bility of the solution, but that would have greatly increased the number of coefficients
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(2.7)
(2.8)
(2.9)
(2.11)
(2.12)
to be obtained.
Estimation Results
The expected, closely linear downward sloping trend was obtained from the HLA
receiver estimated results. 3D linear, parabolic and cubic curve shape were imposed
and the calculated results compared to the experimental arrivals. The linear shape
gave the minimum error, followed by the parabolic approximation. Figure 2-11 shows
the top view of the HLA receiver positions estimated by the above method. The
results show that the current has shifted the array forward by 36 cm so that the
receiver 68 is now directly above the S2 target as opposed to the original receiver
64. Figure 2-12 shows the side view of the estimated receiver positions, verifying a
slight tilt in the z direction and the overall height of the HLA at about 4m above the
flush buried target. While these shifts in the position of the HLA are not excessive,
they do cause a detectable difference in the times or the arrival of the various target
returns, especially at the scales that were utilized in the analysis of the results.
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Figure 2-11: Top view of the estimated HLA receiver positions.
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Figure 2-12: Side view of the estimated HLA receiver positions.
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buried target specular arrival generated using the estimated
is in good agreement with the actual experimental specular
Figure 2-13 shows a comparison of the flush buried target specular arrival gener-
ated using the estimated HLA positions in blue and the actual experimental specular
arrival in red. For the HLA receiver positions as shown in Figures 2-11 and 2-12 the
time of the arrival agreement is very good confirming the success and the reliability
of the estimation technique described.
2.5 Hypothesis Validation Approach
2.5.1 Hypothesis Description
In order to obtain modeling results to be compared to the GOATS98 AUV experi-
mental results in Schmidt's study [17] two different target scattering scenarios were
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modeled using OASES-3D modeling framework. The TOPAS source was positioned
on a 10m tall tower 29.5m from the target S2, which was insonified at 18.70 grazing
angle, well below the critical grazing angle of 24'. The AUV track was approximately
perpendicular to the source-target axis, passing between the two at the distance 3.8m
from S2 at the point of closest approach. In this particular case a single scattering
target modeling capability was employed. The resulting synthetic time series and
spectrogram was obtained at 1m spacing over a 10m synthetic aperture. The time-
frequency results of the above described setup were quite unexpected and consisted
of an initial strong low-pass filtered specular response at 5 kHz and followed by a
strong flexural response at a high frequency of 10 kHz, also followed by the flexural
multiples at lower frequencies. This result, that compares well to the actual AUV
GOATS 98 experimental results, is in contrast with the super-critical insonification
results investigated by Tesei et al. [1] that seem to follow the plane-wave ray tracing
theory and show a maximum in the flexural response at 8 kHz. Based on these results,
the following physical mechanisms of subcritical scattering from flush buried spherical
shells were postulated. As depicted in Figure 2-14, at low frequencies back-scattering
is dominated by the specular scattering of the evanescent, lateral wave. Therefore, for
a subcritical receiver in the back-scattering direction it is being excited by wave tun-
neling, with exponential decay in frequency. In contrast, as shown in Figure 2-15 it is
postulated that at higher frequencies the specular component becomes insignificant
because of the shallow penetration depth of the lateral wave. However, for shallow
burial depth the target curvature near the seabed allows the evanescent tail to couple
efficiently into the flexural Lamb waves of which the supersonic component radiates
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Figure 2-14: Low frequency representation of subcritical scattering form a flush buried
spherical shell. According to Schmidt's hypothesis at lower frequencies the scattering
is dominated by the specular scattering of the evanescent wave.
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into the sediment and transmits into the water-column at super-critical angles. It
therefore follows that the associated energy will arrive at water column receivers at
angles ranging from vertical, for a receiver above the target, to the critical angle at
distant receivers.
Consequently, for subcritical insonification the specular arrival will be low-pass
filtered relative to the incident field, while the flexural Lamb wave becomes high-pass
filtered because of the more effective re-radiation of the supersonic component into
the sediment and back into the water column. In section 4.4.4 beamforming of the
synthetic and experimental data was applied in order to test this postulated scattering
theory for subcritical insonfication.
2.5.2 Validation Approach
The approach to the hypothesis validation was developed in three directions in Chap-
ter 4.
One of them was based on a snapshot representation of flexural wave radiation
and propagation process as the wave is induced by evanescent incidence and revolves
around a flush buried target. The filmstrip shows a sequence of physical processes
taking place pointing at peculiarities related to specular, compressional and, flexural
components of the shell response.
The second approach consisted of time-frequency analysis of GOATS98 experi-
mental data as well as of numerical target scattering model results. The amplitude
and frequency content of analyzed specular and elastic arrivals consistently provide
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Figure 2-15: High frequency representation of subcritical scattering form a flush
buried spherical shell. In contrast to the low frequencies, at higher frequencies the
scattering is dominated by the AO Lamb wave which radiates into the sediment, and
transmits into the water-column at super-critical angles.
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evidence about the existence of the observed phenomenon in the model as well as in
the experimental data.
The third method was based on a novel focused beamforming approach developed
and implemented on both model and experimental data. With a goal of explaining
the physical processes taking place, these results show elevation angles of specular
and elastic arrivals at which they emerge from the seabed into the water column, and
therefore they establish the travel paths of these waves in the sediment.
All of the above validation directions combine to produce evidence that supports
the hypothesis, providing insight in the physical phenomena, and offering clues for
detection and classification of often illusive completely buried targets.
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Chapter 3
Target Scattering Models
Two distinct types of target scattering models were in part developed and used in
order to investigate physical scattering mechanisms, and are validated against ex-
perimental data. One of the types employs a beam-pattern shaded point scatterer,
discussed in sections 3.1-3.3, while the other one is a target scattering approach based
on a distribution of virtual sources described in sections 3.5-3.6.
3.1 Shaded Point Source -
Target Scattering Model I
3.1.1 OASES3D Modeling Framework
Figure 3-1 shows a block digram of the OASES 3D numerical simulator based on
the target scattering module (blue blocks), and a wave propagation module (green
blocks). In order to build a numerical framework with different interchangeable target
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scattering models a consistency criteria for each scattering method was established.
In the OASES 3D modeling framework, developed by Schmidt and Lee [31], the con-
sistency is provided by the wavenumber domain formulation inherent in each of the
target scattering methods employed. The field decomposition in the wavenumber
domain is used to solve the wave equation in the stratified waveguide. After obtain-
ing solutions for each wavenumber, the solution in spatial domain is constructed by
wavenumber integration. The wavenumber integration module provides the incident
field that feeds onto the target scattering module, and it also computes the scat-
tered field from the output of the target scattering module. In sections 3.2 and 3.3
a 2D and 3D target scattering method are described both of which are based on the
single scattering approximation. In these target scattering methods, the scattered
field generated by a target is expressed as point source shaded by a target specific
beampattern.The beampattern is obtained from the incident field computed by the
wavenumber integration and the free field scattering function of the target. Then, the
point source representation of the target field is transformed to an azimuthal Fourier
series in the wavenumber domain. It is this transformation that ensures that the
target scattering model is compatible with wavenumber integration module necessary
for scattered field computations. By using the wavenumber integration module and
the target scattering module in a consistent way, the scattered field produced by a
target in a multi-layered environment can be solved in the spatial domain at a single
frequency.
In addition, for a time domain simulation the pulse-post processor can be used
to construct a time domain solution by Fourier synthesis of the frequency domain
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solutions. After obtaining a time domain solution, further analysis such as temporal
spectral analysis and array beamforming can be carried out.
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Figure 3-1: Diagram of the OASES 3D original target scattering module
the wavenumber integration module (green).
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3.1.2 Target Scattering Module
Using a 3D adaptation of the approach of Ingenito [32] the target is represented
by a single source with a radiation pattern determined by convolving the incident
field by a target scattering function. The point scatterer assumption of the target is
directly adopted and the Fourier-Hankel transform of the scattered filed is performed
numerically. In this single-scattering approach, the stratification is ignored in the
actual scattering process with the target assumed to be in an infinite medium. The
target scattering is represented in terms of the horizontal wavenumbers of the incident
and scattered field, directly resulting in an expression for the scattering function of
the evanescent incident and scattered field components by analytical continuation.
This feature is essential for buried target modeling. For an incident plane wave of
wavenumber k, and horizontal azimuthal angle Oo, the target scattering is represented
by a shaded point source term
jkR
x(R,0,qr)= R S (0,qrOo,kr) (3.1)
where S'(6, q,, Oo, kr) is the scattering function with the t representing the up-and
downward propagating components and k, and qr representing horizontal wave num-
bers of the incident and the scattered field respectively. Using the wavenumber form
we can directly obtain the scattering function, which is crucial for modeling of scat-
tering by buried targets. For a target in a stratified waveguide, wave number integral
representation must be employed, making it possible to express the boundary condi-
tions in the wavenumber domain. Therefore, for a target in a s stratified waveguide,
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Eqn. 3.1 must be transformed into a wavenumber integral representation provided by
Sommerfeld-Weil integral. Applying the stationary phase approximation, the corre-
sponding wavenumber kernel for the scattered field is achieved by shading the kernel
of the Sommerfeld-Weil integral by the scattering function,
ejz Iz-zt I
V(z, , qr) = j S+(9, qr,9o, kr) (3.2)
The wavenumber integral representation of the target scattering is given by
00 cos mO e jZ Iz-ztI
X,(r, z, 0) = E dqq Jm(qr)jm+ x S(qr,, o, kr) (3.3)
m=O s mI 0n
The wavenumber representation of the discontinuity in pressure and particle velocity
above and below the target depth zt is
ejqzlz--zt|
m;i(qr, z) = jm+1 Sm(q,,kr) (3.4)
In the case of a broad band beam incidence, the scattering function becomes an
integral over the incident wave number combined with the spectral density of the
incident field.
The validity of treating the target as a point scatterer is at issue when considering
the transmission through the seabed interface from shallow-buried targets. Similarly
the single-scattering approach for targets near interfaces could be challenged, but
as shown by Fawcett [33] the method is accurate for objects buried in sedimentary
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bottoms.
3.1.3 Validity of approximations employed
The point scatterer approximation was thoroughly investigated by Makris[34, 35]
where it was shown that the point scatterer approximation for the sphere is valid
for ranges that extend beyond the sphere diameter from the centroid. Nevertheless,
the effects of the sediment in connection with this assumption still need to be in-
vestigated. Even though, it is expected that the correct physical mechanisms will
be captured by including the evanescent components of incident as well as scattered
fields. In modeling the actual scattering process the stratification is ignored rendering
this single-scattering approach arguable when modeling the temporal details of the
scattered response. However, it has been shown by Fawcett[33] that the approach
yields accurate results for objects buried in sedimentary seabeds.
3.2 2D or an Axisymmetric Target Scattering For-
mulation
The field scattering from a spherical shell can be expressed mathematically in two
distinct ways: a 2D Axisymmetric target scattering formulation, and 3D target scat-
tering formulation. The 2D method[36] makes use of the complete axisymmetry of
the spherical shell scattering problem while assuming the incident field to be a plane
wave, which, by its nature, is also symmetric about the rotational axis of the shell. As
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Figure 3-2: 2D or Axisymmetric target scattering formulation for an elastic shell in
free space.
a consequence, the Legendre transform can be used to attain the homogeneous solu-
tion of the Helmholtz equation in a spherically symmetric geometry. The Helmholtz
equation in spherically symmetric geometry is
V 2 f(r, 9) + k2 f(r, 9) = 0 (3.5)
and the Legendre transform pair is given by
F(r, n) = f(r, O)P,(cosO)sind9 (3.6)
f (r,9) = nZ + )F(rn)P,(cos) (3.7)
n= 2
(3.8)
where P, is the Legendre polynomial of nfh order, and 9 is the polar angle between
the incident wave and the receiver direction. When a physical problem involves
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compressional ans shear components, the corresponding homogeneous displacement
potentials 0 and $ of compressional and shear waves are
00,
4(r, 0) = n + [A(n)j(hr) +A P(coso) (3.9)
00 1
0(r, ) = n + [Bi(n)jn(hr) + Bh (n)h1 )(hr)J Pn(cos9) (3.10)
n=O
where h = - and k = are the wavenumbers of compressional and shear wavesCp CS
respectively. Jn is the Wth order of spherical Bessel function and h(') is the nth order
Hankel function of the 1' kind.
By expressing the incident field in a similar way, and enforcing the continuity of
displacements and stresses along the spherical interfaces, the unknown coefficients
are obtained. The complete solution for a sphere in a three-dimensional space is
obtained by expanding the field parameters in the Fourier series in the azimuthal
direction giving rise to an infinite number of 2D problems.
Figure 3-3 shows the difference between a supercritical plane wave incidence in a
water-column on a flush buried spherical shell, and a subcritical or evanescent wave
incidence in the sediment. As the plane wave impinges on the spherical shell, it is
symmetric around the axis of rotation of the shell. On the other hand, evanescent
wave incidence breaks the above mentioned axisymmetry. The analytical continuation
of the 2D scattering formulation is able to take into account the scattering processes
in the evanescent regime in spite of this physical inconsitency, as shown and further
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Figure 3-3: Axisymmetric plane wave incidence vs. non-axisymmetric evanescent
wave incidence on a flush buried elastic shell.
discussed in section 3.3.
3.3 Three Dimensional Target Scattering Formu-
lation
In the second approach derived by Park [37], three-dimensional equations of dynamic
elasticity govern the shell deformations and their related wave fields. There are a
few 3D sphere problems solved, due to the complexities involved. 3D equations of
dynamic elasticity govern shell deformations and their related wave fields. In order
to establish the validity of the 2D representation of a spherical target in a waveguide,
analytical formulation of the 3D scattering from spherical elastic shells was derived
and implemented using OASES 3D modeling framework. The classical elastodynamic
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Figure 3-4: In the 3D target scattering formulation 3D equations of dynamic elasticity
govern shell deformations and their related wave field. 0 represents polar angle and
<$ azimuthal angle in the adopted coordinate system.
equation must be uncoupled using Helmholtz potentials from which separable solu-
tions in spherical coordinates can be obtained. No shell-theory approximation was
used, and the formulation given here is exact within the context of linear elastic
dynamics.
3.3.1 Field Equations in Spherical Coordinates
The motion of an isotropic, homogeneous elastic body is described by Navier's equa-
tions
82u
pV 2 u + (A + p)VV - u + pf = p0t2 (3.11)
where p is density, A and bt are Lame constants, u is the displacement vector, and f is
the body force vector per unit mass. Using Helmholtz decomposition the displacement
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and the body force potentials are written as
U= Vq+V x T (3.12)
f = Vf + V x F (3.13)
with V - T = 0 and V -F = 0
In order to satisfy the equation of motion, the compressional displacement potential
4D and the shear displacement potentials and x must satisfy the following scalar
wave equations
c2V20 2 (3.14)
chV at2 (3.14)
Ch - 2~ (3.15)a.2
ch a (3.16)
and the following Helmholtz equations
(V2 + h2) = 0 (3.17)
(V2 + k2) = 0 (3.18)
(v2 + k2) X = 0 (3.19)
k and h are compressional and shear wavenumbers where ch = (A + 2 p)/p and
Ck = /- However, in the interior and exterior fluid media the potentials need to
satisfy only the compressional Helmholtz equation.
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In order to treat this boundary value problem, the method of eigenfunction expan-
sion has been adopted. Is is therefore necessary to express the homogeneous solutions
of the developed Helmholtz equations and the radiated fields in terms of the spherical
surface harmonics. The wavefield in each region must satisfy the homogeneous wave
equations and their boundary conditions at the interfaces. In the case of an incident
plane wave the scattered shell outer medium is a superposition of the incident field
and the unknown field that must satisfy the boundary conditions at the interfaces.
3.3.2 Boundary Conditions
The wave fields at each interface have two distinct series representations one from
the left of the interface, and one from the right of the interface. Depending on the
type of the interface, a certain set of boundary conditions needs to be satisfied. At
the fluid-solid interfaces it is required that the normal displacement and the normal
stress must be continuous, while the two shear stresses must vanish. Together with
the radiation condition at r -* oc they lead to a set of linear equations, solutions of
which yields he unknown kernel coefficients.
For a homogeneous, isotropic, elastic solid the EOM is satisfied if the displacements
are expressed in spherical coordinates in terms of the potentials (#,V?,x) as
04 n(n + 1)
ur(r, , p) = -- + (3.20)
ar r
uO(r, 0, p) = 1+ + r- + .2-- (3.21)
r 00 r aO Or sin 0 OV
1 a# 1 - -# 8U(r, 0, = -+ . 9 -- + r (3.22)
r sin O Oa r sin 0 i(9r /
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and normal and shear stress components
Orr(r) , 0p) = AV 2< + 2p ' (3.23)Or
Uro(r,9,(p) = 5 (!2 -+ -) (3.24)
r 0 r Br
ar, (r, 0, 1) = +a (3.25)\rsin O - r or
For a series representation using the eigenfunction expansion, the order and the degree
of the associated Legendre functions Pm'(cos 9) must be the same in each expression of
the displacements and stresses which enter the boundary conditions. The intermediate
functions are defined as
V UO- (uosin9)+ csc9 (3.26)
W [ -(uO sin 0) - ! csc 0 (3.27)
S a (arosin0)+ Ogrso csc0 (3.28)
T a (Urs in9)- alrw csc0 (3.29)
(3.30)
The importance of these redefined combined functions is that they have only one
kind of associated Legendre function Pr7(cos 9) in all the terms, where the order and
the degree of the associated Legendre functions is the same in each expression of the
displacements and stresses.
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3.3.3 Homogeneous Wavefields
The potential functions are expanded as
4(r, 6,y) = 1 0 /"(r, n)Pn'"(cos 0)
n=O m=O
4(r,6,y') = m $ '$(r,n)P,'(cos 6)
n=O m=O
X(r,O,yp) = z z xm (r,n)P"m(cos6)
n=O m=O
L
L
L
cos my
sin mw ]
cos my
sin my' j
sin my'
-cos mW
(3.31)
(3.32)
I (3.33)
(3.34)
Substitution of these in Helmholtz equations leads to the following representation for
the expansion coefficients
4'm(r, n)
"
m(r, n)
Xm (r, n)
= [anj (hr) + anhl) 1(hr)]
= [bij (kr) + b~h , (kr)]
= [cnj (kr) + cn h$l) (kr)]
(3.35)
(3.36)
(3.37)
The displacement and stress components are expanded in the manner yielding a set
of equations representing the expansion coefficients. In the interior and exterior fluid
layers the potentials need to satisfy only the compressional Helmholtz equation. For
the interior fluid layer the h$l) term drops out since it has a singularity at r = 0. For
the exterior fluid layer only hl) satisfy the radiation condition.
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3.3.4 Incident Field
The homogeneous Helmholtz equations, and their corresponding displacements and
stresses, have been described in terms of unknown coefficients by Park. In our imple-
mentation of the method, the incident field in general direction needs to be represented
in the appropriate way, by expanding it in terms of spherical harmonics, and the to-
tal expression for the wave filed is derived accordingly. By doing this, appropriate
boundary conditions were defined, and the unknown potential functions coefficients
solved.
Inhomogeneous Helmholtz equation for an unbounded medium is given by
(V 2 + h2 )G(R) = 6(r - ro) (3.38)
Green's function for unbounded space for a plane wave in the general direction 0,S0o
is defined as
00 n
e(ik-r) - (2n + 1)in E . .(n m (3.39)
n=O m=O (n + m)!
-cos[m( - o)]Pn'(cos )P Z(cos 09)jn(kr)
The total wavefields are expressed by adding the homogeneous solutions and the cor-
responding particular solutions.
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n Cos Ms C O 1 (n -m)!
Ep = Z(2n+ 1)ic(m )!
M=0 n=0 n+ )
Lsin myoJ sin M 0o
mPn" (cos 0)P,(cos 90)jn(kr) (3.40)
The first BC is derived as
B.C. 1 Continuity of radial displacement at r = a
COS m 0 ,(cos 0)hwj/ (ha) + a'hwh ( (hwa) (3.41)
[ sin mpo j
aihj (ha) + bin(n + 1)mn(ka)
-
= 0 (3.42)
+a2hsh 1)'(ha) + b2n(n + 1)hk)(ksa)
and the rest of the boundary conditions follow. Once all of the boundary conditions
were applied, the 3D scattering function was obtained.
3.4 Comparison of 2D and 3D Target Scattering
Results
Both of the 2D and the 3D theoretical spherical shell formulations were adopted and
investigated by the OASES3D modeling framework. Figure 3-5 shows a comparison
between the response from a flush buried elastic shell to a propagating incident field
at 30 degrees. The top part of the figure repents the real and imaginary parts of
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the scattering function obtained using the 3D approach while the bottom part of the
figure represents the scattering function obtained using the 2D approach described
in the previous section. The two figures are identical proving the validity of the 2D
approach. However, due to the decoupled nature of the 3D approach, it proves to
be numerically vastly superior and therefore faster. Unlike the 2D approach, the 3D
method also allows for a wider range of modeling possibilities such as a change in the
azimuthal angle of the incident field 4o as derived and implemented in section 3.3.4.
Figure 3-6 represents the comparison between the 3D approach (top), and the
2D approach (bottom) for a flush buried elastic spherical shell insonified using at a
subcritical angle. Again, it is shown that the two approaches also give the same result
under subcritical insonification conditions, accounting for the physical mechanisms
that correspond to the evanescent incident field.
This particular point was at issue before the comparison was performed. Unlike
the plane wave incidence, the evanescent incident field is not axisymmetric around axis
show in Figure 3-3 and it was questionable weather the 2D axisymmetric approach
could account for all of the details of the scattered field caused by a non-axisymmetric
evanescent wave excitation.
As mentioned above, the 3D target scattering formulation is a vastly superior 4
method in terms of numerical efficiency, as it faster by several orders of magnitude
for wide incident spectrum. One of the consequences of 3D representation is that the
incident and the scattered field are decoupled which reduces the order of the OASES
3D algorithm from O(k 2 ) in the 2D Axisymmetric representation to O(2mk) in the
3D representation, as depicted in Figure 3-7.
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Figure 3-5: The real part (blue) and the imaginary part (red) of the scattering func-
tion of a flush buried elastic shell under propagating insonification modeled using 3D
approach (top) and the 2D approach (bottom).
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Figure 3-6: The real part (blue) and the imaginary part (red) of the scattering func-
tion of a flush buried elastic shell under evanescent insonification modeled using 3D
approach (top) and the 2D approach (bottom).
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Figure 3-7: Numerical efficiency of the 2D Axisymmetric method slowed down to
O(k 2 ) by the presence of ki and k, nested loops(left), as opposed to the numerically
vastly superior 3D method of 0(2mk) (right) where these loops are separated.
97
I
3.5 Virtual Source - Target Scattering Model II
3.5.1 Introduction
This virtual source approach to target scattering is a full 3D generalization of a virtual
source approach proposed by Veljkovic [38, 39] to model 2D scattering from arbitrarily
shaped objects near seabed-water interface. In [38] Dirichlet, Neumann and a mixed
boundary condition were originally used, to represent the multiple scattered field from
the objects and the arbitrarily complex seabed-water interface. The approach also
draws similarities to the internal source density method used by Stepanishen [40] to
model 3D scattering from objects of revolution with Dirichlet or Neumann boundary
conditions. However, in addition to the homogeneous boundary conditions and the
axisymmetric target geometry, he assumed that the outer medium be an infinite, ho-
mogeneous fluid, as has been the case in most other applications as well. In addition,
Kessel [41] used a similar internal multipole expansion method in combination with a
modal Green's function to model the scattering from objects in horizontally stratified
waveguides, again using ideal, homogeneous boundary conditions. However, Kessel's
approach does not allow the target to penetrate the waveguide interfaces, and does
not incorporate multiple scattering between the target and the adjacent boundaries.
A significant difference in this approach compared to a similar virtual source
approach described in section 3.6.2, is that in this formulation, the seabed-water
interface is discretized in addition to the target surface, allowing the following to
be possible: 1) the seabed-water interface can be shaped in any irregular manner,
2) point source greens functions can be used for partially buried targets instead of
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the more numerically expensive half-space greens functions. On the other hand, by
placing the virtual source distribution beneath the water-seabed interface as well as
around the target boundary, an intricate relationship between the sediment virtual
source strengths, and the target virtual sources is imposed. As investigated in [39],
this relationship, combined with a specific set of parameters used in placing the source
distributions, may lead to instabilities in the source strength matrix.
Another alternative in the distribution of virtual sources, already examined for 2D
problems by Veljkovic[39], is a possibility collapsing the virtual source distribution
into a multipole. It was shown possible to approximate the entire field for the scatter-
ing problem by maintaining a finite number of the terms in the multipole expansion
series. The convergence of the series was demonstrated by the convergence of the
series of the multipole fields to the total field.
Appreciably, understanding the cause of the each type of the source strength ma-
trix instabilities, and their mutual relationships, would lead to an explicit generalized
solution of the virtual source placement predicament for any type of target or an inter-
face, which is an essential problem in these types of scattering formulations, solution
to which is not offered in the literature so far.
3.5.2 Theoretical Approach - 2D Formulation
In this section a virtual source theoretical approach for 2D problems is derived fol-
lowing the formulation set up by Veljkovic in [39]. This section serves as a brief
introduction to a far more realistic and more general 3D approach to scattering form
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Figure 3-8: General location (x,, y,) of the source, surface boundary P and the virtual
source curve r'
flush a and partially buried targets, described in the following two sections.
In this simple example a problem of acoustic wave scattering from a two-dimensional
surface is considered. The shape of the surface is specified by an arbitrary two-
dimensional curve. An open curve can be used to represent an irregularly shaped
boundary, and a closed curve can be used to represent a finite scattering object. The
scattered field is written as an integral over a distribution of virtual sources placed
near the scattering surface. The boundary condition at the, in this case, pressure
release surface is used to derive an integral equation for the amplitude distribution
of the virtual sources. In certain special cases this integral equation can be solved
analytically. In more general cases the source distribution and boundary surface are
discretized, and a system of linear equations is derived and solved for the discrete set
of virtual source strengths. The problem configuration is shown in Figure 3-8.
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The potential I(x, y) must satisfy the Helmholtz equation
[V2 + ko] 1(x, y) = -Q6(x - x,)6(y - y) (3.43)
where Q is the strength of the line source. The curve denoted by J* in Figure 3-8 is
specified by the parametric equations
x = x*(q), y = y*(q) (3.44)
For now in this section only, it is assumed that * is either a pressure release, rigid,
or a mixed Dirichlet and Neumann boundary, requiring the potential (D(x, y) along
the boundary curve to satisfy the impedance boundary condition
--D + - = 0 at (x, y) = (x*(q), y*(q)) (3.45)
a n
If the parameter -y in equation 3.45 is zero, the equation reduces to equivalent to the
rigid boundary condition equation 3.46, on the other hand, if it approaches infinity,
equation reduces to the pressure release boundary condition equation 3.47
= 0 at (x, y) = (x*(q), y*(q)) (3.46)
an
4 = 0 at (x, y) = (x*(q), y*(q)) (3.47)
In order to solve the boundary value problem defined by equations 3.43 and 3.45, the
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total potential <D(x, y) is written as
<b(x, y) = @inc(x, y) + <b8(x, y) (3.48)
where 4I is the incident field. The scattered field <b, (x, y) is written as an integral
over a distribution of virtual line sources along the curve IF in Figure 3-8. The curve
Pq is specified by the parametric equations
x = xs(r), y = y(r) (3.49)
and the scattered field is therefore given by
<D,(X, y) = J dr -(r)G(x - xs(r), y - ys(r)) (3.50)
where o(r) is the amplitude distribution of the virtual sources and G is the 2D free
space Green's function defined by
G(x, y) = H ko x 2 + y (3.51)
The total field <D = I + 4D, satisfies equation 3.43 in any region not containing
the curve FS, and the boundary condition for a for example pressure release interface
becomes
0 = <bi.c(x*(q), y*(q)) + J dr -(r)G(x*(q) - xs(r), y*(q) - y8(r)) (3.52)
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representing an integral equation for the amplitude distribution c-(r) of the virtual
sources. Or, in discretized form
N
o = i=1(,*(qi), y*(qi)) ... , N
j=1
(3.53)
Let the incident field at the points (x*(qi), y*(qj)) be
Pi = Ii.,(x*(qj), y*(qj)) (3.54)
and let
Arju(r3 ) = S (3.55)
Define
G(x*(q) - xS(rj), y*(q) - ys(rj)) = Aij (3.56)
The quantity Aij is the contribution of a virtual source of unit strength at (X9 (r,), yS (r3 ))
to the potential at the point (x*(qi), y*(qj)). Then, equation 3.53 can be written as
N
E AjjSj = -Pij=1
(3.57)
This is a linear system of equations for the discrete source strengths Sj, that once
obtained, can be substituted in the expression for the scattered field in equation 3.50.
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3.5.3 Flush and Partially Buried Target - 3D Formulation
In section 3.5.2 a 2D virtual source approach is derived for a simple configuration using
Dirichlet and Neumann boundary conditions. However, in order for the method to
be realistic and applicable, the formulation is here redefined, allowing the method
to handle general impedance boundaries in 3D, for flush buried and partially buried
targets of arbitrary shape and arbitrarily shaped water-seabed interfaces. Figure 3-
Figure 3-9: Virtual source formulation for a flush buried, fluid-filled sphere. By first
placing the virtual source distribution outside of the target to account for the internal
field, and matching pressure P and the normal displacement W across the boundary,
the impedance matrix A of a buried target was obtained.
9 shows a plane wave in a water-column incident at 300 grazing angle on a flush
buried, fluid filled sphere in the stratified ocean sediment. OASES 3D handles the
wave propagation in the water-column and in the stratified sediment. As before, the
total pressure and the total normal displacement are defined by the superposition
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principles as a sum of the incident and scattered fields
P =ot = Pine + Pscat (3.58)
Wtot = Wine + Wcat (3.59)
where Pcat and Wscat correspond to the scattered pressure and scattered normal
displacement. Defining the impedance boundary condition between pressure and
normal displacement as
Ptot = AWtot (3.60)
where A is the impedance matrix of a buried object. In this formulation, by first
placing the virtual source distribution outside of the target and matching pressure P,
and the normal displacement W across the boundary, the impedance matrix A of a
buried target was obtained by imposing the general impedance boundary condition
in equation 3.63.
P=BS (3.61)
W=CS (3.62)
where B and C are square matrices representing the pressure and normal displacement
free space Green's functions respectively, between N virtual sources and N points on
the target surface. By defining the global impedance boundary condition between
pressure and normal displacement as
P=AW (3.63)
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the impedance matrix A for the buried object is solved for
A = BC-" (3.64)
Once the flush buried target impedance matrix A is obtained, the virtual sources are
redistributed inside the object to account for the external scattered field. A new pair
of pressure and normal displacement Green's function matrices D and E respectively
are defined based on the new position of the virtual sources and the new medium
they correspond to. Therefore, we can define the scattered pressure Pcat
Pscat = DS (3.65)
and scattered normal displacement Wcat as
Wscat = ES (3.66)
OASES 3D pre-calculated incident pressure Pic and normal displacement Winc are
applied, and the expression for virtual source strengths S obtained using equations
3.58, 3.59, 3.60, 3.65 and 3.66
S = {D - AE}-{AWinc - Pinc} (3.67)
The set of virtual source strength distributions S is substituted in the scattered
field expression, and OASES3D is then used to propagate the scattered field back
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into the water-column.
Figure 3-10 shows a comparison between a vertical scattering function beam-
pattern for a sphere in free space and a sphere buried in sediment of density p =
1900kg/M 3 and compressional wave speed c = 1650m/s obtained using the above
described virtual source approach. Both targets are filled with fluid of density
p = 2000kg/m3 and compressional wave speed c = 1750m/s, and a plane wave was
incident at a grazing angle of 30' coming form the left hand side. The changes in the
real and imaginary parts of the sphere scattering function on the right were caused
by the effects of the sediment are shown in Figure 3-10. However, in order to be able
to account for multiple scattering with an irregularly shaped boundary, as well as
to consider partially buried targets, the method is further enhanced by distributing
another two sets of virtual sources first above and then beneath the water-sediment
interface as well. In this variation of the formulation, a partially or a fully buried
target of any shape, with an arbitrarily shaped water-seabed interface can be tackled,
while notably taking into account all of the multiple scattering between the object
and the irregularly shaped interface as well as the multiple scattering related to the
stratification of the sediment. In addition, this method can be extended to any num-
ber of partially and fully buried targets in a region of interest, while still maintaining
the simplicity of a few systems of linear equations to be solved. In Figure 3-11 the pro-
cedure of scattering form a partially buried sphere using this virtual source approach
is described. Initially, by first placing the source distribution outside of the target to
account for the internal field the impedance matrix A j of a fully buried sphere was
obtained by imposing the impedance boundary condition in in the same manner as
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Figure 3-10: Comparison of vertical scattering beampatterns for a free and buried
sphere. The usual, free space sphere vertical scattering function is shown on the left,
while a sediment modified sphere vertical scattering function is shown on the right.
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Figure 3-11: Virtual source formulation for a partially buried sphere. In the top
left the fully buried sphere impedance matrix A. is obtained. In the top right, by
redistributing the virtual sources above the water-sediment-sphere interface and cal-
culating a set of source amplitude distributions Ss due to each interface virtual source,
the pressure and the normal displacement on the interface is calculated and therefore
the interface impedance matrix A- obtained. In the bottom, the interface source
distribution is moved beneath the surface and the incident field applied, resulting in
the virtual source strengths S
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in equation 3.63. This is depicted in the top-left corner of Figure 3-11. Next, for each
point source along the water-sediment-target interface, a different source amplitude
distribution Ss inside the target was obtained. By summing the contributions from
the sources inside the target and along the interface, pressure Pa on the interface is
evaluated according to the following formulation
Pa 1=s/P +Zs P (3.68)
where the S[P corresponds to the pressure contribution of each source along the
interface and the sum E S&P- corresponds to the summed pressure of each different
sphere source amplitude distribution Sr,. By expressing the normal displacement on
interface in a similar manner
Wi = S/wi + Esw (3.69)
and imposing the impedance boundary condition given by
P=AW (3.70)
the interface impedance matrix A, is obtained.
Finally, in the bottom part of Figure 3-11 the interface source distribution is moved
beneath the water-sediment-target boundary, shown with green dots, a OASES3D
pre-computed incident field is applied, and the scattered field in the water-column, due
to the source strengths Si, obtained. This scattered field represents the exact scattered
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Figure 3-12: Vertical cross-section of a partially buried sphere transmission loss re-
sulting from a 5kHz plane wave incident on the partially buried sphere at 300 grazing
angle.
field of the arbitrarily shaped partially buried target, in the stratified sediment as well
as all of the multiple scattering bounces from the bottom part of the target to the
arbitrarily shaped sediment interface back to the target, and from the top part of the
target to the interface and back to the water column. Figure 3-12 shows a partially
buried target response generated using this approach, in form of a vertical cross-
section of the transmission loss caused by a 5 kHz plane wave incident at 30' grazing
angle on a partially buried fluid filled sphere of fluid of density p = 2000kg/m 3 and
compressional wave speed c = 1750m/s and the sediment density of p = 1900kg/m3
and compressional wave speed of c = 1650m/s.
In the application of this method, it becomes evident that the vertical distance
of the source distribution from the boundary is a crucial parameter. In addition the
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virtual source distance in the impedance matrix as well as the ratio of horizontal
source separation to vertical source distance, with respect to the wavelength, play a
dominant role in correctly satisfying the imposed boundary conditions. Currently,
there is no analytical or other expression to determine this distance, and therefore
it is one of the current and the future goals of this work to associate an appropriate
distance to a certain boundary characteristic. Sanity checks in increasingly complex
configuration setups e.g. sediment patch only, target only, transparent interface only,
transparent interface and the target, sediment patch and the target, would gradu-
ally point at desired and undesired effects of each setup, and determine the partic-
ular parameter dependences and optimize them. In particular, the ratio defined as
rat=COEFF * dd/dn relates the vertical separation of the source distribution from
the object boundary dn, to the horizontal virtual source separation dd.
Using convergence analysis, it has been found that the value of the coefficient
COEFF greatly affect the level of accuracy to which the imposed boundary condition
is satisfied. In Figure 3-13 the method was tested by checking the transparency of
a sediment patch of 2m radius and with water-column properties. As the vertical
cross-section of the transmission loss in the figure shows, the patch is completely
transparent even at this quite high frequency of 1000 Hz. This is a very good sign that
the method formulation is correct, and in addition, that the parameters used, namely
rat=0.7 * dd/dn, where COEFF = 0.7, enable the imposed boundary conditions
to be satisfied on every discretized segment. Figure 3-14 shows an increase in the
complexity of the problem, where in part a) a scattering function of a 1m diameter
rigid spherical target is shown in blue. The solid line represents the real part, and the
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Figure 3-13: Transmission loss for a 6m radius transparent patch at 1 kHz, with
rat=0.7*dd/dn, shows that the patch is transparent all the way to -65 dB providing
a way of showing that the imposed boundary condition was indeed satisfied.
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dashed line is the imaginary part of the function with respect to the scattering angle
running along the x-axis. Part b) shows the same rigid spherical target under a 12m
diameter transparent patch scattering function. Following the scattering function of
the rigid sphere under a transparent patch as a function of the scattering angle, it
agrees well with the scattering function of the sphere only, all the way to 0" angle,
where it stays within 2 dB of the reference level shown in a). In this case COEFF =
1.2 was used. Interestingly enough, it has been found that in this case, where a target
is located beneath the transparent interface, the coefficient that gives the best results
changes to COEFF = 1.0, as opposed to COEFF = 0.7 for the transparent patch
alone. Part c) shows the same result for COEFF = 1.0.
Utilization of a neural net, simulated annealing, or some other minimization al-
gorithm to aid in the above mentioned convergence process, should be considered. If
successful, the adaptive nature of a neural net would quickly home in on the optimal
values of several related parameters across an increasingly complex configuration case
set.
Scattering using virtual sources where the sediment boundary was discretized
proved to be a useful concept, making it possible for various target and sea-bottom
shapes to be considered. Some of the major advantages are that multiple scattering
was included, free space greens functions were employed, one set of equations is
obtained no matter how complex the boundary and the target may be.
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Figure 3-14: Comparison of scattering functions for a) a rigid sphere in free field, b) a
rigid sphere under a transparent patch for rat=1.2*dd/dn, and c) a rigid sphere under
a transparent patch for rat=1.0*dd/dn, all at 1 kHz show that the scattering function
of a rigid sphere under a transparent sediment patch ( red), corresponds with at most
2dB difference to the scattering function of the rigid sphere alone (blue), providing
another sanity checkpoint.
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3.6 Virtual Source - Target Scattering Model III
3.6.1 Introduction
A hybrid modeling framework for scattering from completely proud or buried targets
developed by Schmidt [42], is a third type of target scattering models considered here,
and it was predominantly used in the analysis of experimental data collected during
the GOATS98 experiment. As mentioned in section 3.5, the main difference between
this virtual source approach and the one described in the previous section, is that in
this particular method, virtual sources are distributed only inside the targets rather
than the water-seabed interface, and half space Green's functions are used instead of
free space Green's functions to represent the first multipath of the multiple scattering
effect between the target and the water-sediment interface. This change makes the
methodology for obtaining virtual source strengths more straightforward than in the
previous approach, but it also introduces a more complex half-space Green's function
that needs to be evaluated for each virtual source, making the choice of numerically
efficient Green's functions computation method, an important consideration.
As before, the method uses OASES3D to compute the incident field at the fully or
partially buried target position in a stratified fluid-elastic waveguide. The scattered
field is represented by a virtual source distribution positioned beneath the target
surface. After superimposing the incident field onto the virtual source field, the
virtual source strengths are determined by imposing a boundary condition on the
surface of the target. Much like in the previous approach, this method allows the
target to be of arbitrary shape and the multiple scattering is taken into account,
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however, the water-seabed interface is assumed to be horizontal rather than of an
arbitrary shape. The boundary conditions for any elastic target maybe expressed
in terms of the dynamic stiffness matrix, relating surface pressure and the normal
displacement. An advantage of this approach over other numerical target scattering
methods is that once the dynamic stiffness matrix for the target is determined, it
can be used for arbitrary orientation and burial of the target, making this approach
numerically superior. This characteristic of the approach, makes the investigation
of the sensitivity of the scattered field to the parameters such as seabed properties,
burial depth, and insonificaton geometry, exceedingly convenient.
Different form the Kessel's [41] and Stepahishen's [40] methods, this approach
applies to general elastic objects with full 3D geometry, requiring only a frequency-
dependent stiffness matrix, associated with the target's internal structure and compo-
sition. In addition, the present approach allows the target to penetrate any interface
in a horizontally stratified ocean environment, therefore providing a versatile numer-
ical method for analysis of scattering from partially and fully buried targets. In
addition, it takes into account multiple scattering effects within the target, as well as
between the target and the environmental stratification.
3.6.2 Approach
As discussed by Schmidt in [43], the virtual source approach is fundamentally a
wavefield superposition approach, replacing the target by a distribution of acoustic
sources of unknown magnitude and phase, placed inside the surface of the target. The
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Figure 3-15: Partially buried elastic target replaced by internal virtual source dis-
tribution. After superimposing the incident field onto the virtual source field, the
virtual source strengths are determined by imposing a boundary condition on the
surface of the target.
virtual source strengths are found by imposing the boundary conditions associated
with the true target to the superposition of the incident field and virtual source field,
and solving the discretized boundary integral equation.
This simple superposition principle is illustrated in Figure 3-15. The plot shows
an arbitrarily shaped object in a stratified ocean, here partially buried in the seabed .
The stratification can include fluid as well as elastic layers, but it is here for simplicity
assumed that the layers containing the target are isovelocity fluid media. The actual
target is removed and replaced by a continuously stratified medium with a discrete
distribution of N simple point sources, the unknown, complex strengths of which are
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represented by a dotted line vector s. This source distribution is assumed to generate
a field which is identical to the scattering produced by the target. Thus, if the surface
of the target is discretized in N nodes, the total pressure p and normal displacement
u are decomposed into the known incident field contribution pi, ui and the scattered
field p., u,
P = Pi + Ps U = Uj + Us (3.71)
The scattered field is generated by the virtual source distribution s
pS = Ps us = Us (3.72)
with P and U representing NxN matrices containing the pressure and normal
displacement Green's functions, respectively, between N virtual sources and N surface
nodes.
The superimposed field on the virtual target surface is required to satisfy the
boundary conditions associated with the real target. Thus, the field inside the true
target must satisfy Green's theorem, providing a unique relation between the pressure
and normal displacement on the surface. In a discrete representation with N surface
nodes, this relation can be expressed in terms of a dynamic, frequency dependent
stiffness matrix K
p = Ku (3.73)
119
Combining equations 3.71-3.73 leads to the following matrix representation for
the virtual source strengths
s = [P - KU]-' [Kui - pi] (3.74)
The scattered field is obtained anywhere in the external medium by superposi-
tion, using the continuous medium Green's function, in this case the stratified ocean
waveguide.
Green's Function
The Green's function for a stratified ocean needed for the scattered waveguide field
may be computed using any of the established approaches: wavenumber integra-
tion, normal modes, or the parabolic equation. However, the Green's functions in
equation 3.74 should be evaluated in the near field, often ignored by the standard
approaches that also assume the source to be at the origin. Nevertheless, the Fourier-
Bessel wavenumber integration formulation [44] for stratified waveguides overcomes
both of these complications. Thus, the field produced by a horizontal distribution of
sources can be expressed in an azimuthal Fourier series of the displacement potential
4(r, 0, z),
-0 cos MO
0(r, 0, Z) = #S + #H= [ (r, z) + 0'(r, z)] (3.75)
m=O I sin m J
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where #m(r, z) and Om4(r, z) are Fourier coefficients for the direct source contribution
and the field produced by the boundary interactions, respectively. Both components
are represented in terms of horizontal wavenumber integrals,
~~m~~z)floJzS{Cos m93  eikr~z-z)l
Om(r,0,z)= E N Cos Jm(krj) .k krJm(krr)dkr (3.76)
sin m93 JJz
#M (r, 6, z) = j [A&(kr)eikzz + A-(kr)e-ikzzl krJm(krrdkr (3.77)
where kr, kz are the horizontal and vertical numbers, Sj is the complex source strength
of source j at (rj, 9j, zj), and A+(kr) and A-(kr) are the complex azimuthal Fourier
coefficients of the up-and-downgoing wavefield amplitudes produced by the multiple
boundary interactions. They are found by matching the boundary conditions at all
horizontal interfaces. Em is a factor which is 1 for m=O and 2 otherwise.
3.6.3 Numerical Considerations
The efficiency and the performance of this virtual source approach is dependent on
a number of numerical considerations, primarily associated with the details of the
distribution of surface nodes and virtual sources. In addition, the implementation of
the spectral integral representation of the waveguide Green's function, is a relevant
issue.
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Virtual Source Distribution
A certain amount of work, still ongoing, has been done with a goal of developing
an explicit relationship between the virtual source distribution parameters and the
performance of the method for target shapes of arbitrary geometry. While the specifics
of this effort will be reported in the future, the main aim is to develop a systematic,
adaptive approach to the distribution of the virtual sources inside the targets. For
the begging, it has been found empirically that a consistent convergence is achieved
by distributing the surface nodes with a separation which is proportional to the local
radii of curvature, and by placing a virtual source along the inward normal at each
node, at a depth of approximately 0.6 times the node separation. This seems to
provide the optimal compromise between diagonal dominance of the matrix to be
inverted in equation 3.74 and efficient use of the dynamic range.
Fourier-Bessel Green's Function Representation
The computationally most intensive component of the present approach is the eval-
uation of the NxN pressure and displacement Green's function matrices P and U
in equation 3.74 through the Fourier-Bessel representations in equations 3.76-3.77.
Here it is extremely important to take advantage of any target symmetries. Thus,
for example for targets with vertical axisymmetry, the virtual sources and surface
nodes are naturally placed in 'rings' at constant depth, thus reducing the number
of required values of Bessel functions. Other computational gains can be achieved
by careful choices related to precomputed Bessel functions, wavenumber integration
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interval, or potentially collapsing the virtual source distribution into a multipole.
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Chapter 4
Analysis of Modeling and
Experimental Results
4.1 Multiple Scattering Effects on a Flush Buried
Shell
One of the central objectives of this work is to analyze the mechanisms of scattering
from buried targets under subcritical insonification, distinguish them from the ones
generated using supercritical insonifications, and identify the target signature features
that can be used to enhance detection and classification of buried mines. While
multiple scattering has often not been taken into account in supercritical scattering
from targets, it is likely to play a more significant role here, and it may become a
possible classification key in flush buried target signatures for targets insonified using
evanescent insonification. One of the goals in the thesis was to identify the features
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in the elastic shell scattering response brought about by multiple scattering, and use
models that can incorporate it, in order to be able to compare the experimental and
model data.
4.1.1 Flush Buried Shell Response without Multiple Scatter-
ing
Figure 4-1 represents the difference between the propagating and the evanescent in-
cidence on a flush buried elastic spherical shell generated using the single scattering
numerical target scattering model described in section 3.3 that incorporated multiple
scattering. On the left hand side, a plane wave is supercritically incident at 35deg
on the flush buried shell. The pronounced specular response of the target is visible,
followed by the clockwise and counterclockwise SO compressional elastic waves, and
the AG flexural elastic wave. It is worth noting that clockwise and counter-clockwise
components of the elastic waves are of similar amplitudes. The 4 th row illustrates
the effect of the clockwise and counterclockwise components of the flexural AG wave
meeting and interacting after each one has traveled a full revolution around the shell.
On the right hand side, a plane wave is incident subcritically on the seabed,
producing an evanescent field that interacts with the flush buried shell. In this case
the response is quite different. The shell specular return is less pronounced, with
the strongest response caused by the evanescent field coupling with the shell and the
AG wave circumnavigating the shell in the clockwise direction. The compressional SO
responses are apparent as yellow spots around the shell radiating as they travel faster
than AG waves. The clockwise part of AG response is shown here to be considerably
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Figure 4-1: Propagating (left) vs. Evanescent (right) incidence on a flush buried
spherical shell-Multiple scattering not included. The difference between the propa-
gating and the evanescent incidence on a flush buried elastic spherical shell generated
using the single scattering numerical model described in section 3.3. On the left, the
pronounced specular response of the target is visible, followed by the clockwise and
counterclockwise elastic SO and AG waves. On the right, the shell specular return is
less pronounced, with the strongest response caused by the evanescent field coupling
with the shell and the AO wave circumnavigating the shell in the clockwise direction.
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stronger than its counter-clockwise counterpart owing to the nature of the insonifying
evanescent field that exponentially decays in depth.
This particular result, relates to the Lamb wave hypothesis postulated by Schmidt
and presented in section 2.5.1. It is the pronounced AO Lamb wave, that according to
the hypothesis, revolves around the target, radiates into the sediment, and transmits
into the water column at supercritical angles.
4.1.2 Flush Buried Shell Response with Multiple Scattering
The snapshots of the results shown in Figure 4-2 illustrate the effects of multiple scat-
tering while also showing the difference between the propagating and the evanescent
incidence on a flush buried elastic spherical shell generated using the numerical target
scattering module described in section 3.6 that incorporates multiple scattering. The
difference between Figure 4-1 and Figure 4-2 illustrates the contribution of multiple
scattering to the flush buried target response. This manifestation is the most obvious
in the snap shots of Figure 4-1 in the 3 rd and the 4 th row, where we can see the
multiple reflections of the specular of the target hitting the water seabed interface,
coming back to the target, and being reflected from it again towards the sediment-
water interface. While the phenomenon is the most obvious in the propagating case
on the left, due to the higher strength of the transmitted field, it is also visible in
the evanescent incident case on the right. The multiple reflections of the flexural AG
and compressional SO waves are also visible in the following rows of Figure 4-1. In
contrast, Figure 4-2 in 3rd and 4th rows shows no signs of specular return multiple
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scattering as in this particular formulation single scattering approximation, inherent
in section 3.3 formulation, was employed.
Figure 4-3 represents a comparison between the single scattering evanescent re-
sponse on the left and the multiple scattering evanescent response on the right. The
effects of multiple scattering can be seen in the 3rd and 4 th row on the right. It is
important to note that in timing of the specular, SO and AO the single scattering and
the multiple scattering models are exactly the same. However, the high and the low
field values are inverted in one with respect to the other one suggesting a minus that
was left out in one of the formulations.
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Figure 4-2: Propagating (left) vs. Evanescent (right) incidence on a flush buried
spherical shell-Multiple scattering included. The difference between the propagating
and the evanescent incidence on a flush buried elastic spherical shell generated using
the multiple scattering numerical model described in section 3.6. The difference
between Figure 4-1 and Figure 4-2 illustrates the contribution of multiple scattering
to the flush buried target response. This manifestation is the most obvious in the
snap shots of Figure 4-1 in the 3rd and the 4 th row, where we can see the multiple
reflections of the specular of the target hitting the water seabed interface, coming back
to the target, and being reflected from it again towards the sediment-water interface.
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Figure 4-3: Single scattering (left) vs. multiple scattering (right) evanescent incidence
on a flush buried spherical shell. The difference between the left hand side and the
right hand side illustrates the contribution of multiple scattering to the flush buried
target response insonified subcritically. This manifestation is the most obvious in
the 3 rd and the 4th row, where we can see the multiple reflections of the specular of
the target hitting the water seabed interface, coming back to the target, and being
reflected from it again towards the sediment-water interface.
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4.2 Time-Frequency Analysis of the Flush Buried
Shell Response
Classification is an open problem especially regrading buried objects. In the case of
proud targets that are often imaged with high resolution sonar, classification clues
are often based on both the structure of the target returns, as well as on the acoustic
shadow cast on the seafloor. Since buried targets have no acoustic shadow, classi-
fication of such objects relies solely on the analysis of the target response, making
it crucial to pinpoint identifiable points in the target signature. In the previous
approaches, most of the target detection and classification methods relied on the
specular response only. However, due to the structure of man made objects and their
inherent resonances, the elastic part of shell signatures provides a rich information
set, providing opportunities that, if taken advantage of, could significantly improve
the classification ability.
The reader should note that from this point on, all of the modeling results shown,
were generated using the Virtual Source - Target Scattering Model III described in
section 3.6.
As discussed in Chapter 2, when a plane wave is incident on a shell in free space
as in Figure 4-4 the clockwise and the counterclockwise returns travel the same path
to the receiver in a monostatic configuration. As they revolve around the target, the
flexural AO returns (represented by dark blue arrows) radiate at a phase matching
angle 0* almost perpendicular to the target radius. The compressional SO waves
(represented by cyan arrows) radiate, in turn, at a phase matching angle * that is
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smaller than the AO angle. Using the steel shell material properties listed in Table 2.1,
the group speed of SO waves, near 8 kHz coincidence frequency, corresponds to the
shell membrane wave speed of 5435 m/s while, at the same frequency, AO wave group
speed asymptotically approaches the outer medium speed of 1520 m/s.
4.2.1 Time-Frequency Analysis of the Flush Buried Shell -
In Plane Receiver
A typical response in terms of a time-series and a spectrogram, for a 30' grazing
angle plane wave incidence in free space case, was generated using the target single
scattering model, and is shown in Figure 4-5. In the top part of the Figure, the first
return is the characteristically sharp specular response. It is followed by the elastic
part of the response, namely by the compressional SO return at about 28.6 ms, and
by a strong flexural AO return at 29.6 ms, as well as their multiples at later times. In
the case of the monostatic receiver configuration, the clockwise AO return, designated
as AOI, and the counterclockwise AG return, designated as AOII, travel very similar
distance and arrive at the far off receiver at roughly the same time, producing a
recognizable wave packet marked as AO.
The bottom part of Figure 4-5 represents the spectrogram of the time series above.
As expected, the frequency content of the shell specular response is strongest around
8 kHz corresponding to the incident field center frequency. As discussed in Chapter 2
much of the SO compressional response arrives in a lower frequency range 3-5 kHz,
while the flexural AG wave is at its maximum at 8 kHz. It should be noted that
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the above analysis refers to the A0_ wave, as simply the AG wave, since in 2-12 kHz
frequency regime AO+ wave is virtually undetectable.
However, when the shell is flush buried in the sediment, and insonified at subcriti-
cal angles, an evanescent field is created in the sediment. For evanescent insonification,
and the HLA receiver in bi-static configuration, such as the case in the GOATS98
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PLANE WAVE
RECEIVER
Figure 4-4: For a plane wave incident on an elastic shell in free space the clockwise
and the counterclockwise returns travel the same path to the receiver in a monostatic
configuration. As they revolve around the target, flexural AO returns radiate at a
phase almost perpendicular to the target radius while SO returns radiate at a shallower
angle.
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Figure 4-5: Time series and a spectrogram of a response from a shell in free space
generated using the single scattering model. The sharp specular response at 28 ms is
followed by target elastic response: SO at about 28.6 ms and AO at about 29.6 ins.
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Figure 4-6: Schematic of an evanescent field incident on a flush buried elastic shell.
For evanescent insonification, and the HLA receiver in bi-static configuration AOI
travels a shorter path than AOII, and therefore arrives at the receiver before AOII.
experiment, Figure 4-6 shows that AOI travels a shorter path than AOII, and
therefore arrives at the receiver before AOII. The same applies to SOI and SOII arrivals
as well.
This is reflected in the spectrogram of GOATS98 experiment time series for a flush
buried target and a receiver #68, located vertically above the target, and referred
to as an in plane receiver, Figure 4-7. As a part of pre-processing, the experimental
data was match-filtered with a source Ricker pulse replica shown in Figure 2-4. In
the spectrogram, below the time series, a separation between SOI and SOII, and AOI
and AOII arrivals can be observed. In this configuration AOI is the counterclockwise
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arrival, and AOII is the clockwise arrival, as indeces I and II consistently refer to AOI
arriving before AOII, and are not tied to which arrival travels clockwise, and which
travels counterclockwise in a particular target-receiver configuration. Calculated time
of arrival expectations for SO arrivals are marked with green lines while the expec-
tations of AO arrivals are marked with black lines. While the methodology on the
time of arrival calculations is described in section 2.3.1, the expected times of arrivals
of the elastic waves seem to correspond well to the actual times in the spectrogram
of the experimental result, confirming that the relevant parameters such as HLA re-
ceiver positions determined in section 2.4.2 and the speeds of different types of waves
described in Appendix A were well accounted for.
A difference in the frequency content of SOI and SOIL can be observed where SOI,
which in this case arrives before the specular, arrives at 12.5 kHz which is significantly
higher than SOII that arrives at 8 kHz. Similarly, AOI wave arrives at 10 kHz while
it AOII counterpart arrives at expected 8 kHz. The same patter can be observed for
the flexural multiples where AOIx2 has a higher frequency content than AOIIx2.
It is believed that this is the first time in literature that the difference in the
frequency content of counter clockwise and clockwise flexural and compressional ar-
rivals is demonstrated. The difference in their amplitude content is also observed here.
Physically, this is a consequence of the exponential dependence of the incident wave
amplitude on depth. This difference in the amplitude content of counter-propagating
waves in a buried cylindrical shell case under evanescent insonification was also sug-
gested by Marston [45] in form of a conference abstract.
The physical causes for the lower frequency content of arrivals with indeces II
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could be attributed to the longer time of travel through the sediment, and therefore
higher attenuation of high frequencies than for the arrivals with indeces I. However,
the fact that SOI and AOI have higher frequency content than the expected 8 kHz cen-
ter frequency to begin with, is likely to be related to the postulate from section 2.5.1,
where it is suggested that, under subcritical insonification, the flexural Lamb wave
becomes high-pass filtered because of the more effective re-radiation of the supersonic
component into the sediment and the water column. Figure 4-8 shows the correspond-
ing model result. It should be noted that in this, as well as all of the model results
to follow, multiple scattering from the target to the water-seabed interface and back,
is taken into account as the virtual source distribution target scattering formulation
from section 3.6 has been employed.
A beam at subcritical incidence of 16' was incident on the flush buried target in
GOATS98 configuration, creating an incident evanescent field in the sediment. As in
the corresponding experiment results, in the model results the first arrival is SOI which
travels fast around the shell and arrives at the in plane receiver #68 before the shell
specular response marked with a dark blue vertical line. The strong specular response
is followed by SOII and SOIx2 compressional arrivals. A quite weak in amplitude, and
low in frequency, first flexural return AOI shows up right after the 28.5 ms mark.
Comparing Figures 4-7 and 4-8, the amplitude and the 10 kHz frequency content
of the combined SOIx2 and A0I response in the experimental data is significantly
higher, than that of the model arriving at 5 kHz. On the other hand, a strong and
very definitive in shape, A0II flexural response arrives about 1 ms later
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Figure 4-7: Time series and spectrogram for a flush buried target - Experimental
data, in plane receiver #68. Using the time of arrival tool described in section 2.3.1,
calculated time of arrival expectations for SO arrivals are marked with vertical green
lines, while the expectations of AO arrivals are marked with black lines. A difference
in the frequency content of SOI and SOII can be observed where SOI, which in this
case arrives before the specular, arrives at 12.5 kHz which is significantly higher than
SOII which arrives at 8 kHz. Similarly, AOI wave arrives at 10 kHz while it AGII
counterpart arrives at expected 8 kHz.
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,bunched together with the trailing compressional SOIIx3 shell response. It is also
worth noting that the strong amplitude and the frequency content of about 9.5 kHz
agrees well with the experimental data, but also with the high frequency filtering
postulate explained in section 2.5.1. Later in time, an anticipated low amplitude
AOIx2 and a significantly higher in amplitude AOIIx2 arrive. The frequency content of
AOIIx2 is lower than in the previous revolution, since due to longer distance traveled
with each revolution higher frequencies are absorbed sooner than the lower ones.
In addition, all of the SO arrivals are low in frequency, about 5 kHz, as well as in
amplitude compared to the AO arrivals, unlike the ones in the experimental data.
As far as the agreement of timing of elastic arrivals between the model and the
experiment, it is calculated that there is at most 0.2 ms difference, particularly ap-
parent for AOII arrival. In summary, here are the basic characteristic observed for in
plane receiver for flush buried target under evanescent insonification. A difference in
the amplitude and frequency content of SOI and SOII and AOI and AOII is observed
in the experimental data and a physical explanation for each one of them is given. It
is believed that this is the first time in literature that the difference in the amplitude
and particularly frequency content of counter clockwise and clockwise flexural and
compressional arrivals is addressed. In both experimental and model data, it is also
observed that AO returns have higher frequency content than the specular confirming
high-pass filtering hypothesis of the Lamb wave under evanescent insonification de-
scribed in section 2.5.1. Also, the agreement of this feature in the experiment and the
model validates model's capability of modeling physical mechanisms related to the
evanescent insonification. However, it is observed that in the model AOI component
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Figure 4-8: Time series and spectrogram for a flush buried target - Model data,
receiver #68. Calculated time of arrival expectations for SO arrivals are marked with
vertical green lines, while the expectations of AO arrivals are marked with black lines.
Compared to the experimental result in Figure 4-8 a quite weak in amplitude, and
low in frequency, first flexural return AOI shows up here right after the 28.5 ms mark.
In the experimental data, the amplitude and the 10 kHz frequency content of the
combined SOIx2 and AOI response in the experimental data is significantly higher,
than that of the model arriving at 5 kHz.
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of the flexural waves is of significantly lower frequency and amplitude than in the
experiment. According to the theory of elastic waves on shells presented in section 2.2,
SO waves are expected to be of low frequency, 5 kHz, which the model consistently
supports, but the experimental data seem to challenge in this particular case.
4.2.2 Time-Frequency Analysis of the Flush Buried Shell -
Out of Plane Receiver
Out of plane source-receiver configuration i.e. HLA receivers that are azimuthally
away from the source-target axis in Figure 2-9, is considered in Figure 4-9. It rep-
resents the time series and the spectrogram of the GOATS98 experiment time series
for a flush buried target and receiver #27, located out of plane in the back scatter-
ing direction. The significance of the out of plane receivers in bistatic configuration,
is that they measure the 3D target scattered field, supplying the classification and
detection valuable information about the field, that traditional monostatic in plane
receiver configuration [1] is not capable of providing.
Once again, the location of the arrivals on the spectrogram point towards the fact
that the time of arrival calculations are accurate, as the specular and elastic arrivals
coincide with the calculated expected times marked with black and green lines. Due
to the particular wave speeds and the configuration, SOI arrival arrives before the
specular which is centered around 10 kHz. SOII is of surprisingly high frequency
content as it arrives at 10 kHz just like the specular, and the following S01x2 at 9
kHz. Close to 24 ms, a strong AOI waveform arrives at a high frequency of 12 kHz
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which is significantly higher that the expected center frequency of 8 kHz. Yet again,
for the out of plane receiver this time, the high pass filter anomaly of the flexural
target response is identifiable in the experimental data. It should be also noted that,
unlike what is observed for propagating incidence, the magnitude of the AOI flexural
response is 8 dB higher than that of the specular response for the highly out of plane
receivers in the backscattering direction.
Both the frequency content and the amplitude content differences described in the
above paragraph present new identification points for bistatic classification of buried
targets insonified using evanescent incident fields.
Figure 4-10 shows the model result in form of the time series and the spectrogram
for the flush buried target and the out of plane receiver #27. As before, SOI arrives
before the shell specular return due to the target-receiver configuration. This agrees
well with the corresponding experimental result. The obvious high amplitude and 8
kHz center frequency specular is followed by SOII arrival at 7 kHz. This is 3 kHz lower
than the corresponding experimental result in Figure 4-9 that arrives at 10 KHz.
However, when the comparison is made with the in plane model result in Figure 4-
8 SOII is stronger and of significantly higher frequency, than in the in plane receiver
case.
Therefore, significant frequency and amplitude content differences for SOII waves
were established between the in plane receiver case, and the out of plane receiver case
for both modeled and experimental data.
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Figure 4-9: Time series and spectrogram for a flush buried target - Experimental
data, receiver #27. Calculated time of arrival expectations for SO arrivals are marked
with vertical green lines, while the expectations of AO arrivals are marked with black
lines. SOII is of surprisingly high frequency content as it arrives at 10 kHz just like
the specular. Close to 24 ms, a strong AOI waveform arrives at a high frequency of
12 kHz which is significantly higher that the expected center frequency of 8 kHz. Yet
again, the high pass filter anomaly of the flexural target response is identifiable in the
experimental data. Also, the magnitude of the AOI flexural response is 8 dB higher
than that of the specular response.
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Going down the time axis, much like in the in plane receiver case, the combined
SOIx2 and AOI effect is of significantly smaller amplitude an lower frequency con-
tent than that shown in the experimental results in Figure 4-9. Also, the distinctive
AOII flexural arrival dominates the elastic response, and it arrives at 9 kHz frequency
which is lower than in the in plane receiver case, but still higher than the 8 kHz cen-
ter frequency traditionally observed with supercritical insonification and monostatic
configuration. After the following several multiples of SO returns, which are of lower
amplitude and frequency than in the experimental case, a repetition of weak AOIx2
and a strong AOIIx2 flexural arrivals are observed.
Concerning the timing of the arrivals in the model data in Figure 4-10 , while the
dominant AOII arrivals coincide with the black line predictions, SOIx2 and AOI are
offset from their prediction times by 0.1 ms, and -0.1 ms respectively. On the other
hand, those same expected times of arrival for SOIx2, AOI and AOII agree very well
for the experiment data in Figure 4-9. The fact in the Figure 4-9 virtually all of the
calculated expected times of arrival coincide with the experimental data, but are in
some instances offset from model data in Figure 4-10 suggests some inconsistencies
in the timing of arrivals generated using the virtual source model.
In summary, here are the basic characteristic observed for out of plane receiver for
flush buried target under evanescent insonification: In the experiment the specular
arrives at 10 kHz while in the model it arrives at anticipated 8 kHz; In the experiment
SOII arrives at surprisingly high 10 kHz while in the model it arrives at 7 kHz; In the
experiment AOI is of 8 dB higher amplitude than the specular and it arrives at 12
kHz while in the model it is 10 dB lower in amplitude and 5 kHz lower in frequency.
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In the experiment AOI is the dominant elastic response, while in the model it is AOII.
Therefore in this case, the experimental data consistently assign higher frequency
contribution throughout the various wave types of the elastic response, than the
corresponding model results. Also, the amplitude content of AOI relative to the
specular is much higher in the experiment than in the model. In addition, the insight
that calculated expected times of arrival coincide with the experimental data, but are
in some instances offset from model data, may point at some inconsistencies in the
timing of arrivals generated using the virtual source model.
Furthermore, drawing a parallel between the in plane receiver responses and out
of plane receiver responses, for both the model and the experiment compressional
SOII is stronger, relative to the specular, and of significantly higher frequency in the
out of plane than the in plane receiver case. In addition, in the model flexural AOI
and AOII that are stronger, relative to the specular, in the out of plane than the in
plane receiver case.
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Figure 4-10: Time series and spectrogram for a flush buried target - Model data,
receiver #27. Calculated time of arrival expectations for SO arrivals are marked
with vertical green lines, while the expectations of AO arrivals are marked with black
lines. SOII arrival which is now, relative to the corresponding specular, stronger and
of higher 7 kHz frequency, than in the in plane receiver case in Figure 4-8. The
combined SOIx2 and AOI effect is of smaller amplitude an lower frequency content
than that shown in the experimental results in Figure 4-9. Also, the distinctive AOII
flexural arrival dominates the elastic response, and it arrives at 9 kHz frequency.
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4.3 Time-Frequency Analysis of the Partially Buried
Shell Response
In the GOATS98 experiment, the partially buried target S3, shown in Figure 2-9, was
insonified using a focused beam at a subcritical angle of 14'. In this case two modes
of target insonification were generated; one is the propagating field that hits the
partially buried target at the upper hemisphere surrounded by water, and the other
mode is the evanescent field created in the sediment that is incident on the lower
shell hemisphere buried in the sediment. Therefore, two distinct responses from the
target should be anticipated. One consists of the specular and the elastic response
associated with the propagating field insonification, and the other one is the specular
and the elastic target response associated with the evanescent insonification.
Figure 4-11 depicts the time series and the spectrogram of the experimental par-
tially buried target returns. The shell response caused by the propagating field is
marked with solid lines, and the shell response caused by the evanescent incident
field is marked by dashed lines. Consistent with previous sections, calculated time
of arrival expectations for SO arrivals are marked with vertical green lines, while the
expectations of AO arrivals are marked with black lines. The wave-type labels on top
of the spectrogram correspond to the propagating response and the wave-type labels
on the bottom of the spectrogram correspond to the evanescent response.
Once again, the calculated times of arrivals using the methodology described in
section 2.3.1, for a partially buried shell now, agree well with the experimental returns.
The first strong return at about 28.4 ms is the propagating specular response, closely
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followed by the evanescent specular. As expected, their combined effect is stronger
in the partially buried target case than the flush buried target specular response.
Even though now it becomes harder to distinguish the effect of a single arrival in
terms of amplitude and frequency content, a combined effect of the two types of
responses (propagating and evanescent) can be addressed. Both the propagating and
the evanescent specular responses arrive at about 8 kHz as anticipated. However, the
combined effect of S0IIx2, AOI propagating and SOIx3, A0I evanescent, at 29.7 ms,
seems to be such that the freqency of the combined response is lowered to about
7 kHz. On the other hand, the following return at 30 ms, which consists of SOIx3,
A0II propagating and S0IIx3, A0II evanescent is high filtered to 10 kHz. It should be
also noted that the next strong response at 31.3 ms corresponds to the water surface
bounce and is masking AOIx2 propagating and evanescent returns.
Therefore, for the experimental data it can be concluded by considering the com-
bined effect of the evanescent and propagating insonification, that at 29 ms a dif-
ference in the amplitude and the frequency content of SOI and SOII, clockwise and
counterclockwise, components of compressional waves was established. In addition,
near 30 ms, a 3 kHz difference in the frequency content of A0I and A0II components
of flexural waves was also observed. Since such a difference, was not observed for
propagating incidence only, it can be concluded that the difference in the amplitude
and the frequency content of clockwise and counterclockwise components of elastic
waves on a partially buried target can be attributed to the physical mechanisms of
evanescent field insonification.
149
500
-500
0.028
20
is
14
3 10
0
0.028
Time Series of the Experiment, Partially Buried, rec #14
II I I I I lii Ii
I I I I I lii i
II I I I I liIi
- -I -.- * - - -- I -C-4 -+ -.
032 0.033 0.034[ 0. )31 0.
A01 A0OI ALS0173 SOIx4 SOMS5 AOIeAO(I
sousoftSOIL'Z SOUK3 SOI[(4 SOUTS
0.035
0.035
10 15 20 25 30 Aftd35AOfd 40 45 50 55 60
SpIas S c3 SO[M4 SOI1N4 sol.5 solly
Spect 50 SOUl SON2 SOIENc3
Figure 4-11: Time series and spectrogram for a partially buried target - Experimental
data, receiver #14. The shell response caused by the propagating field is marked with
solid lines, and the shell response caused by the evanescent incident field is marked
by dashed lines. Calculated time of arrival expectations for SO arrivals are marked
with vertical green lines, while the expectations of AO arrivals are marked with black
lines. The wave-type labels on top of the spectrogram correspond to the propagating
response and the wave-type labels on the bottom of the spectrogram correspond to
the evanescent response. The first strong return at about 28.4 ms is the propagating
specular response, closely followed by the evanescent specular. By considering the
combined effect of the evanescent and propagating insonification, that again at 29 ms
a difference in the amplitude and the frequency content of SOI and SOII components
is observed. In addition, near 30 ms, a 3 kHz difference in the frequency content of
AOI and AOII components of flexural waves is also established.
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Figure 4-12 represents the time series and the spectrogram of the model partially
buried target returns. As before, shell response caused by the propagating field is
marked with solid lines, and the shell response caused by the evanescent incident
field is marked by dashed lines. Calculated time of arrival expectations for SO arrivals
are marked with vertical green lines, while the expectations of AO arrivals are marked
with black lines. The wave-type labels on top of the spectrogram correspond to the
propagating response and the wave-type labels on the bottom of the spectrogram
correspond to the evanescent response.
In the time series, it is noticeable that the amplitude and shape of the specular,
the amplitudes of the elastic returns with respect to the specular, as well as the
elastic wave shapes compare well between model and experimental data, offering more
evidence for the validity the virtual source partially buried target model formulation
described in section 3.6.2.
As far as the timing of the arrivals in the modeled results is concerned, throughout
the response it agrees well with the experimental data, with at most difference of 0.17
ms observable for the AOII arrival.
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Figure 4-12: Time series and spectrogram for a partially buried target - Model data,
receiver #14. The shell response caused by the propagating field is marked with
solid lines, and the shell response caused by the evanescent incident field is marked
by dashed lines. Calculated time of arrival expectations for SO arrivals are marked
with vertical green lines, while the expectations of AO arrivals are marked with black
lines. The wave-type labels on top of the spectrogram correspond to the propagating
response and the wave-type labels on the bottom of the spectrogram correspond to the
evanescent response. In the time series, the amplitude and shape of the specular, the
amplitudes of the elastic returns relative to the specular, as well as the elastic wave
shapes compare well between model and experimental data, offering more evidence for
the validity the virtual source formulation. the timing of the arrivals in the modeled
results is concerned, throughout the response it agrees well with the experimental
data, with 0.17 ms difference at most, observable for the AOII arrival.
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4.4 Array Processing of Model and Experimental
Data
Array processing was applied to the HLA experimental and model data, in order to
utilize the information provided by the array of sensors rather than just separate
sensors by them selves.
4.4.1 HLA Complex Envelope of the Flush Buried Target
Figure 4-13 shows a comparison of the complex envelope, obtained using Hilbert
transform, of 128 HLA elements flush buried target experimental data (top) and
model data (bottom).Using source-receiver-target configuration, more discussed in
section 2.4.2, and using time-frequency information discussed in section 4.2.2, specular
and elastic returns of the flush buried target S2 were identified for all receivers. Using
an optimization technique described in section 2.4.2, a precise 3D location of the HLA
was determined since it was initially evident that the array has shifted from its original
position during the experiment. In addition, the calculated expected times of arrival
for the in plane receiver number #68 and the out of plane receiver #27 was used
to determine and trace the elastic responses as a function of time, through all the
receivers. In this way, all of the shell elastic responses were identified on the complex
envelope plot.
This, in itself, is a meaningful contribution, since until now for the flush buried
shell in GOATS98 data, very few elastic responses were identified, and that was
only done for supercritical insonification [1]. Fully buried shell under subcritical
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insonification represents a particular challenge since the specular response is often
not nearly as pronounced as for the partially buried or proud target case, and the
sediment loading greatly affects expected elastic shell signature. Since mines tend to
bury themselves into the sediment in time, detection and classification of fully buried
targets is a significant and necessary endeavor, that due to the challenges it possess,
has rarely been addressed in related literature.
In the top part of Figure 4-13 flush buried shell specular is marked with a red
dashed line, SO Lamb type waves with dashed black lines, and AO Lamb type waves
with dashed blue lines. As anticipated, all of the arrivals as a function of time and
receiver have a characteristic hyperbolic shape. The unlabeled, strong return in the
upper left corner is the seabed reflection in the forward direction, and the unlabeled,
strong arrival in the upper right corner is the partially buried target specular return,
as some of the incident beam insonified the partially buried target as well. The dark
blue streaks in the bottom part of the figure, continuing for all time, were caused by
the HLA receivers that were not working properly during this phase of the experiment.
While the specular and the AOI waveforms are strong throughout the HLA re-
ceiver positions, SO returns fade out fairly quickly in the backscattering direction.
However, as the in plane HLA receivers are approached, i.e. receivers neighboring
#68, the returns from all of the arrivals are much more pronounced. SOI and SOII
arrivals exhibit a strong energetic contribution associated with their mid frequencies,
as evident in the already analyzed spectrogram in Figure 4-7.
Another point of interest on the plot is that the shape of the specular and the
neighboring returns is exactly as anticipated, centered in the vicinity of the receivers
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Figure 4-13: Complex envelope of the flush buried shell - Experimental data (top),
Model data (bottom). In the top part of the figure, flush buried shell specular is
marked with a red dashed line, SO Lamb type waves with dashed black lines, and AO
Lamb type waves with dashed blue lines. Similarly, in the bottom figure SO Lamb
arrivals are identified using black arrows, and AO Lamb arrivals using blue arrows.
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directly above. However, by the time SOIx3 arrives, a shift in the way the center of
the hyperbolic arrival is visible implying a possible non-stationarity of the receiver.
In the bottom part of Figure 4-13 the corresponding complex envelope of flush
buried target model data exhibits the expected hyperbolic shape of the specular
and elastic returns that follow. Following a strong target specular return, there are
three higher energy SO arrivals masking an AOI arrival, with the AOII being the next
strong return that follows. The expected shape of the returns exhibited in the model
complex envelope as well as in the experimental one are in agreement. The observable
differences are that the shell specular is more pronounced in the model, relative to
the rest of the elastic response, than in the experimental case. In addition, while the
experimental AOI is dominant in the 1-40 channel part of the backscattering direction,
AOII takes over and is stronger than AOI in the 40-64 channel segment. On the other
hand, in the model, AOII is considerably stronger than AOI for all array channels. This
is consistent with the observation that for the flush buried target, as anticipated, in
the synthetic result all of the returns are continuously smoother for all channels, than
in the experiment. However, the strength of AOII flexural component is exaggerated
with respect to the AOI and the rest of the elastic arrival.
Concerning the comparative timing of specular and elastic returns, the times of
arrival of the specular, the fist two revolutions of SO arrivals, are in a good agreement
between the experiment and the model with a maximum time difference of less than a
0.1 ms. However, as noted earlier, as time goes by, with additional revolutions of SO,
and particularly for AOI and beyond, a shift in the shape of the hyperbola towards
higher numbers of receivers is noticeable in the experimental data, while the model
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data does not predict this, indicating a possible shift in the receiver position.
4.4.2 HLA Complex Envelope of the Partially Buried Target
In the partially buried target case,the complex envelopes for experimental data Fig-
ure 4-14 top, and for the model data Figure 4-14 bottom compare very well in shape
and the relative strength of the propagating specular as well as the first few elastic
arrivals that could be identified, validating the virtual source model's ability to handle
partially buried targets. The first strong curved return is the partially buried target
specular return and the SOI return, followed by the two elastic returns AOI and AOII
identified on the plots. The timing of the specular return between the experimental
and model data for forward scattering receivers #80 - 128 is in agreement, however
in the backscattering direction there is an increasing delay in the times of arrivals
with the specular at receiver #1 arriving 0.7 ms later than in the model. The same
trend is followed by the elastic returns SOII, AOI and AOII marked on the plots.
In conclusion, comparison between complex envelopes of the experimental and
model data shows that given GOATS98 experimental configuration the model is ca-
pable of generating the scattered field from the flush buried and the partially buried
target that is in many ways compares to the scattered field observed experimentally.
The observed differences suggest the following.
In the flush buried target case, the timing of the specular and the first several
elastic arrivals corresponds to the model times of arrivals, while later in time, there
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Figure 4-14: Complex envelope of the partially buried shell - Experimental data
(top), Model data (bottom).The first strong curved return is the partially buried
target specular return and the SOII return, followed by the two elastic returns AOI
and AOII identified by black dashed lines on the plots.
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is a change in the hyperbolic shape of arrivals pointing at an unidentified event
observed in the experimental data. On the other hand, the differences in the relative
strength of the AOI and AOII arrivals with respect to the specular, where in the
model AOII is much stronger than A0I points towards the model representation that
is different from the observed experimental data.
In the partially buried target case, the timing of specular and elastic returns is
in better agreement between the experimental and model data for forward scattering
receivers #80 - 128 than in the backscattering direction where there is an increasing
delay in the times of arrivals with the specular at receiver #1 arriving 0.7 ms later
than in the model.
4.4.3 Focused Beamforming of HLA Model and Experimen-
tal Data
To remind the reader about the specifics of GOATS98 experimental setup, Figure 4-
15 shows the target field, the position of TOPAS parametric source, and the location
of the HLA in the bistatic configuration, 5m above the flush buried elastic shell S2.
A beam at a subcritical angle of 18' was incident on the flush buried shell, producing
an evanescent incident field in the sediment.
As described in section 4.4.3, since the HLA was operated in a very near field
with respect to the S2 target, focused wideband beamforming along sections of the
HLA was initially done to determine the azimuthal angle of arrival of returns. Also,
the HLA was segmented in 3 sub-arrays in order for the beamformer to be able to
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Figure 4-15: Top View of the Goats 98 Experimental Setup
handle the wave-field inhomogeneities, but at the expense of the focusing ability. As
discussed in the approach section 4.4.3, Figure 2-10 represents the configuration of a
back- scattering segment of the array, receivers 1-46, in its coordinate system where
the center of the coordinate system is lying on the seabed, 4 is the elevation angle
with respect to the vertical z axis, and 0 is the azimuth angle with respect to the
x axis. At a range R, the beamforming cone intersects the seabed creating a set of
intersection points that describe a hyperbola.
Since both the positions of the HLA in the water-column and of the target of
interest is known, a wide-band focused beamformer was initially used at a fixed ele-
vation # = 142' which corresponds to the S2 target location, and a varying horizontal
angle to determine the azimuthal angle of each wave arrival at that fixed elevation.
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yFigure 4-16: Focused beamforming configuration of a back-scattering segment of the
array, receivers 1-46, in the focused beamforming coordinate system where the center
of the coordinate system is lying on the seabed, 0 is the elevation angle with respect
to the vertical z axis, and 0 is the azimuth angle with respect to the x axis. At a
range R, the beamforming cone intersects the seabed creating a set of intersection
points that describe a hyperbola.
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As we are about to see, this fairly conventional practice that has been also im-
plemented by other authors to experimental data in monostatic configuration [46],
ends up being marginally useful for our purposes, and therefore a new type of a
beamforming approach was here developed in section 4.4.4 to extract more mean-
ingful information about the physical mechanisms occurring during the elastic shell
radiation process.
Figure 4-17 shows focus beamforming results along one such hyperbola at the XY
location of the flush buried target S2. The vertical axis of the figures represents the
time of target returns, while the horizontal axis represents the azimuthal angle 0 at
which the returns arrive at the HLA segment situated in the back scattering direction
of the target. Arrival times of various compressional SO and flexural AO returns were
predicted using the time of arrival calculation tool from section 2.3.1, and therefore
the beamformed arrivals were identified on the experimental focused result plot (top)
and the model result plot (bottom) of Figure 4-17.The figure shows the results where
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Figure 4-17: Focused beamforming, flush buried shell - Experimental data (top),
Model data (bottom). Arrival times of various compressional SO and flexural AG
returns were predicted using the time of arrival calculation tool from section 2.3.1,
and therefore the beamformed arrivals were identified on the experimental and model
focused result plots.
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both the specular and the shell elastic arrivals can be identified to arrive at an az-
imuthal angle 0 of 85'. It also shows that, the compressional SO arrivals and the first
flexural arrival AOI are focused better than the next flexural AOII. Focused beam-
forming of the experimental data is able to distinguish between the target specular,
and each one of the elastic responses, which is a significant improvement compared
to a similar attempt done on S1 experimental data by authors in [46]. In their case,
the HLA was positioned in a monostatic configuration, the field was insonified using
propagating incidence, and only the specular and the first SO arrival was resolved from
the experimental data. This comparison certainly serves as a demonstration of the
potential advantages of both sub-critical insonification and bistatic source receiver
configuration employed in this thesis.
The bottom part of the figure represents the results of the identical procedure
done on synthetic data produced by the model. The specular and elastic incoming
azimuthal angle is also 85' and compares very well to the model result in the top part
of the figure validating target scattering model capabilities. Again, the SO arrivals
were focused well, but are of 11 dB lower amplitude than the AOII arrival that follows.
In the experimental results above the amplitude difference between the SO arrivals
and the AOII arrival is only about 5 dB. In addition, the predicted times of arrival
of SO returns compare well to the actual focused response arrivals on the plots, with
the exception of the AOII arrival inthe experiment, which arrives at 24.85 ms but is
predicted 1.5 ms earlier, which is also confirmed by the model AOII below.
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4.4.4 Multiple Elevation Focused Beamforming of Model and
Experimental Data
It was described in the previous section that focused beamforming at a fixed elevation
and varying azimuth has been applied to model and experimental data and informa-
tion about the azimuthal angle of arrivals and focusing capability was obtained.
However, it was understood that the genuinely useful information for portraying
the larger picture of the overall buried shell scattering and radiation problem, would
come from establishing the elevation angle q at which the specular and the elastic
returns emerge from the seabed into the water-column rather than enforcing a specific
elevation angle 4 such is the case in the previous section. The ranging elevation angle
provides information about the sediment propagation paths of particular radiated
shell wave types, and therefore may provide insight into the physical phenomena
that take place around the radiating sediment loaded shell. The straightforward
focused beamforming approach that focuses on a single point in the sediment could
not provide this information. Instead, by focusing the beamformer to different points
on the seabed, the range and the elevation of different wave types was determined,
therefore determining the effective radiation strength of the particular area of the
seabed.
Multiple Elevation Beamforming Setup and Approach
The 128 HLA was segmented in 3 sub-arrays. The following analysis was done on
a 1-46 receiver sub-array, positioned in the backscattering direction with respect to
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Figure 4-18: Focused beamforming, projection of elevation and azimuth angle on to
an(X, Y) point on the seabed
the flush buried target S2, as shown in the diagram in Figure 2-10. In the previous
section 4.4.3, focused beamforming was done for a fixed elevation # and ranging
azimuth 0, to produce time-azimuth plots. In this section focused beamforming was
repeated for each discrete elevation 0 and the ranging azimuth 9. Therefore, a matrix
that contained arrivals at different elevation-azimuth point pairs was generated.
The next stage consisted of projecting the elevation-azimuth pairs to the seabed
interface. Since the positions of the sub-array sensors and the position of the flush
buried target was known, an intersection of the beamforming cone and the plane
containing the seabed producing a hyperbola had to be calculated to obtain a set of
XY points on the seabed surface. For this purpose, as shown in Figure 4-18, a new
coordinate system is introduced where the array is temporarily aligned with the y
axis on the ground, and thus the following expression for the equation of the cone
and the equation of the seabed are obtained
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a2 a2  b2
At the intersection of the cone and the seabed the following equation is obtained
X2 + zo2 - (tan2 a)y2 0 (4.2)
where tang =a and a = r/2
also,
x=rcos9 and y=rsin9 (4.3)
which leads to the following expression
zo
r = 2 e.Z O2(4.4)
Vtan2 a- sin2 9 - cos2  (
from which the desired coordinate point pairs (X, Y) for each a and 9 are readily
available. Since the coordinate system that is chosen is aligned with the y axis, a
rotation needs to be introduced to obtain the actual seabed coordinates (X, Y) that
correspond to the GOATS98 experimental configuration.
X = Xcos 00 - sin 00  (4.5)
Y = Xsin90 -Ycos 0  (4.6)
where 0 is the angle of azimuthal rotation of the HLA with respect to the y axis.
This procedure was repeated for a varying # and 9 angles giving a family of hyperbola
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Figure 4-19: Focused beamforming target field. The blue dots represent the calculated
XY point pairs which comprise a family of hyperbole generated by the intersection
of the beamforming cone and the seabed for varying elevation and azimuth.
described on the seabed comprised of different XY pairs. Figure 4-19 shows the XY
pairs on the seabed with blue dots for 0 ranging and 4 ranging from. For each
elevation and a range of azimuth angles, the intersection is a single hyperbola in the
XY plane. As the elevation angle 4 increases, different hyperbole describe a map of
points on the seabed.
The final stage consisted of properly delaying the matrix of focus beamformed
results. The matrix, up to that point, contained beamformed results that represented
a repetition a fixed set of events at different elevation angles used for beamforming.
However, what was wanted for the projection on the seabed, is a sequence of
snapshots of the radiation strength of the seabed surface in real-time. Which is
to say, an actual beamformed response of the effect of the radiating elastic target
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Figure 4-20: In order to obtain the real-time map of seabed radiation strength,
beamformed arrivals at each (X, Y) coordinate pair, were shifted in time by Ati
which is the time it takes for the return to travel through water from the point of
emanation on the seabed (Xi, Y), to the center of the sub-array.
producing first the specular and then the set of elastic waves that hit the seabed
surface at a certain elevation and azimuth in real-time of the shell response.
As shown in Figure 4-20, to obtain this real-time map of seabed radiation strength,
beamformed arrivals at each (X, Y) coordinate pair, were shifted in time by \ti which
is the time it takes for the return to travel through water from the point of emanation
on the seabed (Xi, Y), to the center of the sub-array.
At = Rx,y
Cu
(4.7)
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A
Model Beamforming Results
In Figures 4-21-4-24 X and Y coordinated on the seabed are obtained from 0 and
0 as described in the previous section, and the focus beamformed scattering process
from the flush buried sphere S2 was captured in time as snapshots of specular and
elastic wave-forms radiating form different points on the seabed. Figure 4-21-4-24 is
a filmstrip of a 3D representation of the location XY at which different beamformed
target responses and their multiples emerge, and the strength of the response at that
particular point is represented along the Z axis. The XY location of the flush buried
target is marked with a white vertical arrow, and the real time of the radiating shell
response is marked in the upper right corner of each snapshot.
Figure 4-21 top-left to lower-right snapshot describes, in incremental time steps,
the real-time process of the focus beamformed radiation strength of the seabed caused
by the shell specular response. The lower-right snapshot, shows that at 24.9414 ms the
specular arrival emerges at a seabed spot whose center corresponds to the coordinate
(X, Y) pair of (-2,-0.2) m. The physical significance of this result is related to the
fact that this particular point on the seabed corresponds to a particular elevation and
azimuth angle pair (#Osec, Opec) at which the specular response is scattered from the
buried elastic shell S2.
In the next part of the film sequence, shown in Figure 4-22 this process is continued
in time for the elastic responses that follow. Namely, in the top-left snapshot we can
see the radiation strength of the seabed for the second compressional arrival SOII,
which even though of significantly lower amplitude as represented by the model data
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discussed previously, emanates from the seabed into the water column at a different
point that corresponds to a new (X, Y) pair of (-1,-0.5) m. Therefore, this point
on the seabed corresponds to a different elevation-azimuth angle pair (bsO 1 , Osori) at
which the compressional SOII response radiated by the shell is propagated through the
sediment. The bottom part of the figure depicts a similar process for the first flexural
arrival AOI which arrives at yet another pint on the sediment (X, Y)= (-1.5,-0.3) m
which corresponds to the new azimuth-elevation pair (1 I0, OAOI) characterized by its
own physics of radiation around the shell and propagation through the sediment.
The third part of the film sequence in Figure 4-23 describes in time the seabed
radiation strength due to the, in this case, stronger AOII return, which in the top-left
snapshot is seen to arrive at (X, Y)= (-1.6,O)m and its own azimuth-elevation pair
(qAOM , 9 A011). The last part of the film sequence in Figure 4-24 shows the emanation
points of the flexural wave multiples until in the last snapshot, the shell response dies
down.
The physical significance of the results shown above, lies in the fact that they
unambiguously show that the elevation angle of specular and elastic arrivals at which
they emerge from the seabed into the water column is different, and therefore travel to
the seabed-water interface at different elevation angles, a realization that is contrary
to the traditional wave-tracing argument and in agreement with Schmidt's hypothesis
described in section 2.5.1.
In order to further investigate the phenomenon, and more precisely determine the
angles of arrival of specular and elastic returns, Figure 4-25 was created using filmstrip
snapshots of beamforming results with the elevation angle 4 on the X axes, and the
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azimuth angle 9 on the Y axes. It shows at what particular elevation and azimuth
angles the arrivals emerge from the seabed into the water column. The purple circle
on the snapshots marks the (0, 9) location of the target with respect to the sub-array
center. Specular, compressional SO, and flexural AO waves and their multiples are
identified on different time snapshots of the figure, where the time is shown in the
upper right hand corner. The first snapshot shows that the shell specular arrives at the
sediment at an elevation # of 147' and the azimuthal angle of 82". The reader should
refer to Figure 4-16 for the graphical definition of the HLA-target elevation angle 4
and the azimuthal angle 9. This is in agreement with the expected elevation and the
azimuth of the specular arrival in the backscattering direction from the geometric
configuration of the target field.
The next snapshot on the right shows that the shell compressional return SOII
arrives at almost the same azimuth but very different elevation, namely # = 1550.
It should be noted that the higher elevation angle from the HLA to a point on the
sediment surface, means a shallower elevation angle from the target to that point of
waveform emanation on the sediment surface. Therefore, this snapshot shows that the
elastic shell compressional wave emerges from the sediment at an 8' angle difference
with respect to the target specular return.
The next snapshot shows the elevation of the S0Ix2 arrival wave, which arrives at
= 1510 which is also shallower than the specular arrival. The next snapshot on the
right, shows that the elevation angle of the first flexural AOI arrival, is 154' which
also makes it shallower than the specular arrival. In the next snapshot the elevation
angle of the flexural AOII arrival is 153", and the one next to it is its next revolution
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arrival.
This result now quantitatively proves Schmidt's hypothesis about the physics of
propagation of elastic waves under evanescent insonification, and confirming that
the nature of the physical processing taking place can not be described using the
traditional wave-tracing arguments that assume all of the wave paths as to and from
the target, rendering them inadequate. Furthermore, related to the detection of fully
buried targets which was so far considered a challenging problem, here shown specifics
of the structural waves radiation from the shell, propagation through the sediment
and coupling back into the water column as propagating waves, proves and clear and
efficient way of so called 'smoke-shifting' of these otherwise hardly detectable targets.
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Figure 4-21: Focused beamforming, flush buried target - Model data (Part I). This
figure is a filmstrip of a 3D representation of the location XY at which different beam-
formed target responses emerge from the seabed, while the strength of the beam-
formed response at that particular point is represented along the Z axis. The XY
location of the flush buried target is marked with a white vertical arrow, and the real
time of the radiating shell response is marked in the upper right corner of each snap-
shot. Top-left through lower-right snapshot describes, in incremental time steps, the
real-time process of the focus beamformed radiation strength of the seabed caused by
the shell specular response. The lower-right snapshot, shows that at 24.9414 ms the
specular arrival emerges at a seabed spot whose center corresponds to the coordinate
(X, Y) pair of (-2,-0.2) m. The physical significance of this result is related to the
fact that this particular point on the seabed corresponds to a particular elevation and
azimuth angle pair (#Oec, Ospec) at which the specular response is scattered from the
buried elastic shell S2.
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Figure 4-22: Focused beamforming, flush buried target - Model data (Part II). The
seabed radiation strength process is continued in time for the elastic responses that
follow the specular return. Namely, in the top-left snapshot we can see the radiation
strength of the sand for the second compressional arrival SOII, which even though of
significantly lower amplitude as represented by the model data discussed previously,
emanates from the seabed into the water column at a different pint that corresponds
to a new (X, Y) pair of (-1,-0.5) m. Therefore, this point on the seabed corresponds to
a different elevation-azimuth angle pair (OsoII, 6 sorI) at which the compressional SOII
response radiated by the shell is propagated through the sediment. The bottom part
of the figure depicts a similar process for the first flexural arrival AOI which arrives
at yet another pint on the sediment (X, Y)= (-1.5,-0.3) m which corresponds to the
new azimuth-elevation pair (#AOI, 9A01) characterized by its own physics of radiation
around the shell and propagation through the sediment.
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Figure 4-23: Focused beamforming, flush buried target - Model data (Part III). This
figure shows the seabed radiation strength due to the, in this case, stronger AOII
return, which in the top-left snapshot is seen to arrive at (X, Y)= (-1.6,O)m and its
own azimuth-elevation pair (#AOII, OAOII).
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Figure 4-24: Focused beamforming, flush buried target - Model data (Part IV). The
last part of the film sequence in shows the emanation points of the flexural wave
multiples until in the last snapshot, the shell response dies down.
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Figure 4-25: Elevation-azimuth focused beamformed results, flush buried target -
Model data. This figure shows at what particular elevation and azimuth angles the
target radiated arrivals emerge from the seabed into the water column. The purple
circle on the snapshots marks the (0, 0) location of the target with respect to the sub-
array center. Specular, compressional SO, and flexural AO waves and their multiples
are identified on different time snapshots of the figure. The first snapshot shows that
the shell specular arrives at the sediment at an elevation q of 1470 and the azimuthal
angle of 820. The next snapshot on the right shows that the shell compressional
return SOII arrives at roughly the same azimuth but very different elevation, namely
0 = 1550 an 80 shallower angle than the target specular return. The figure also shows
that the elevation angle of the first flexural AOI arrival is 154' and AOII is 153' which
makes the flexural waves also shallower than the specular target return.
178
msl - .6hm-1
Experiment Beamforming Results
The whole multiple elevation beamforming procedure described in section 4.4.4 was
repeated on GOATS98 experimental data.
Figures 4-26-4-29 represent a filmstrip of a 3D representation of the location XY
at which different beamformed target responses and their multiples emerge, and the
strength of the response at that particular point is represented along the Z axis. The
XY location of the flush buried target is marked with a white vertical arrow, and the
real time of the radiating shell response is marked in the upper-right hand corner of
each snapshot.
In Figure 4-26 the upper-right snapshot shows that at 21.12 ms the specular arrival
emerges at a seabed spot that corresponds to the coordinate (X, Y) pair of (-0.5,0)
m. The physical significance of this result is related to the fact that this particular
point on the seabed corresponds to a particular elevation and azimuth angle pair
(#spec, spec) at which the specular response is scattered from the buried elastic shell
S2. In the bottom-right snapshot we can see the radiation strength of the sand for
the second compressional arrival SOII which emanates from the seabed into the water
column at a different point that corresponds to a new (X, Y) pair of (-0.2,-0.5) m.
Regarding flexural target returns, in bottom-right snapshot of Figure 4-27 the
first flexural AOI return arrives at yet another location on the seabed (X, Y)=(-0.2,O)
m. While in the upper-right snapshot of Figure 4-28 the stronger AGII arrives at a
seabed point (X, Y)=(-0.8,O) m.
In Figure 4-29 in the upper-right snapshot the next revolution of the flexural
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return, AOIx2, is shown to arrive at a considerable different seabed point than either
the specular or the previous flexural arrivals, namely(X, Y)=(-0.8,0) m.
A possible explanation for AOIx2 emerging at a different point than AOI follows
from a sequence of physical mechanisms taking place during the target scattering
process: longer distance circumnavigated, in form of revolutions, causes more atten-
uation to the waveforms, higher frequencies attenuate faster than the low ones, a
change in frequency translates to a change in velocity governed by dispersion curves,
a change in velocity means that the waveforms emerge at a different angle to the
shell as demonstrated by the phase matching equation 2.6, which in turn causes the
arrivals to hit the seabed at a different point and therefore at a different elevation
angle.
To more precisely determine the angles of arrival of specular and elastic returns,
Figure 4-30 was created using filmstrip snapshots of beamforming results with the
elevation angle # on the X axes, and the azimuth angle 9 on the Y axes. It shows
at what particular elevation and azimuth angles the arrivals emerge from the seabed
into the water column. The purple circle on the snapshots marks the (q, 9) location
of the target with respect to the sub-array center. Specular, compressional SO, and
flexural AG waves and their multiples are identified on different time snapshots of the
figure, where the time is shown in the upper right hand corner. The first snapshot
shows that the shell specular arrives at the sediment at an elevation q of 143' and
the azimuthal angle of 800. The reader could refer to Figure 4-16 for the graphical
definition of the HLA-target elevation angle 0 and the azimuthal angle 0.
The next snapshot on the right shows that the shell compressional return SOII
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arrives at roughly the same azimuth but very different elevation, namely 4 = 1500.
It should be noted that the higher elevation angle form the HLA to a point on the
sediment surface, means a shallower elevation angle form the target to that point of
waveform emanation on the sediment surface. Therefore, this snapshot shows that
the elastic shell compressional wave travels through the sediment at an 70 shallower
angle than the target specular return.
The next snapshot shows the elevation of the SOIx2 wave, which arrives at # = 151'
and is also shallower than the specular arrival. The next snapshot on the right, shows
that the elevation angle of the first flexural AOI arrival, is 1470 which also makes it
shallower than the specular arrival. In the following snapshot the elevation angle of
the flexural AOII arrival is 1460. The last snapshot shows the second revolution of
the AOII return, AOIIx2, coming in at a distinctly shallow 1610 .
As was the case with the model, this time the actual at sea experimental results
give quantitative base for Schmidt's hypothesis about the physics of propagation of
elastic waves under evanescent insonification described in section 2.5.1, and make,
up to now used wave-tracing arguments that assume all of the wave paths as to
and from the target, unsound. In addition, the result confirms experimentally the
proposed potential of yet another way of using structural waves to aid in the buried
target classification, rather than up to now commonly used specular response alone,
which often carries only a limited amount of useful information.
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Figure 4-26: Focused beamforming, flush buried target - Experimental data (Part I).
In Figures 4-26-4-29 represent a filmstrip of a 3D representation of the location XY
at which different beamformed target responses and their multiples emerge, and the
strength of the response at that particular point is represented along the Z axis. The
XY location of the flush buried target is marked with a white vertical arrow, and
the real time of the radiating shell response is marked in the upper right corner of
each snapshot.In the upper-right snapshot shows that at 21.12 ms the specular arrival
emerges at a seabed spot that corresponds to the coordinate (X, Y) pair of (-0.5,0)
m. The physical significance of this result is related to the fact that this particular
point on the seabed corresponds to a particular elevation and azimuth angle pair
(qspec, Ospec) at which the specular response is scattered from the buried elastic shell
S2. In the bottom-right snapshot we can see the radiation strength of the seabed for
the second compressional arrival SOII which emanates from the seabed into the water
column at a different point that corresponds to a new (X, Y) pair of (-4.2,-4.5) m.
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Figure 4-27: Focused beamforming, flush buried target - Experimental data (Part II).
When a flexural return is considered in the bottom-right snapshot, the first flexural
AOI return arrives at yet another location on the seabed (X, Y)=(-0.2,O) m.
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Figure 4-28: Focused beamforming, flush buried target - Experimental data (Part
III).In the upper-right snapshot the AOII return is shown to arrive at a seabed point
(X, Y)=(-0.5,O) m, which is different from the specular and from AOI, pointing at a
different elevation angle of the elastic waves propagation through the sediment and
coupling into the water column than the specular target return.
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Figure 4-29: Focused beamforming, flush buried target - Experimental data (Part
IV). In this figure, in the upper-right snapshot the next revolution of the flexural
return, AOIx2, is shown to arrive at a considerably different seabed point than either
the specular or the previous flexural arrivals, namely(X, Y)=(-0.8,O) m.
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Figure 4-30: Elevation-azimuth focused beamformed results- Experimental data.This
figure shows at what particular elevation and azimuth angles the target radiated
arrivals emerge from the seabed into the water column. The purple circle on the
snapshots marks the (#, 9) location of the target with respect to the sub-array center.
Specular, compressional SO, and flexural AO waves and their multiples are identified
on different time snapshots of the figure.The first snapshot on the left shows that
the shell specular arrives at the sediment at an elevation # of 143' and the azimuthal
angle of 800. The next snapshot on the right shows that the shell compressional return
SOII arrives at roughly the same azimuth but different elevation, namely # = 1500 a
70 shallower angle than the target specular return. The figure also shows that the
elevation angle of the first flexural AOI arrival is 1470 and AOII is 1460 which makes
the flexural waves also shallower than the specular target return. In the last snapshot
the second revolution of the AOII return, AOIIx2, comes in considerably shallow at
161 .
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Chapter 5
Conclusions and Future Work
In this chapter an overview of the results of this work is presented, the conclusions are
drawn, and their implications are discussed. In addition, as a result of the matter pre-
sented, some questions are raised and recommendations for future work in connection
with the data analysis and target scattering modeling are made.
The thesis established the following points and conclusions:
5.1 Scattering from Buried Elastic Shells
In Chapter2, it has been established that in order to conduct the analysis of physical
events exhibited in buried elastic shells as well as to validate the virtual source target
scattering model against the experiment, tools had to be developed and parameters
determined a priori.
e A theoretical time-of-arrival modeling tool was developed to facilitate quick cal-
culation of expected arrival times of specular, AO, and SO waves from a point
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of emanation on the shell to any particular point in the water-column. Using
3D vector calculus, the travel-time modeling tool determines the points on the
shell from which AO and SO waves emanate to any point in the water-column.
Given known locations of the HLA receivers, it calculates the time it takes for
the specular and the elastic returns to reach a given receiver. Therefore, cor-
responding travel times in the shell, the sediment, and the water are obtained.
Snell's law is used to calculate the refraction effects at the water-sediment inter-
face. This theoretical time-of-arrival modeling tool, is implemented in Chapter
4 to calculate the expected times of arrival of specular and elastic responses of
buried elastic targets.
e Another circumstance that needed to be addressed a priori, is the location of
128 elements of the HLA, which had shifted from its original position during the
GOATS98 experiment. In the experiment, the array was originally placed in a
linear configuration but due to the currents and some slack on the array it could
have assumed a different 3D shape. Available geometric and time of arrival
information was used to formulate an estimation approach where a set of related
objective functions was minimized to obtain the 3D positions of the receivers
in the water column. It has been established that the array has retained its
linear shape but that the current has indeed shifted the array forward by 36
cm and that there was some downward tilt in the vertical plane. In addition
a comparison of the flush buried target specular arrival times generated using
the estimated HLA positions and the actual experimental specular arrival times
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was made and they were determined to be in very good agreement,confirming
the success and the reliability of the estimation technique.
In addition, in Chapter 2, it was recognized that Schmidt's hypothesis about the
physics of structural wave radiation in sediment under evanescent insonification
can be validated by observations made in the thesis, and the hypothesis vali-
dation approach was defined. The overall claim of the hypothesis states that
so-far commonly used traditional plane wave approaches to scattering from
buried shells, do not capture the physical mechanisms caused by evanescent
wave insonification, and therefore are not suitable to describe the particular
physical processes taking place. The approach to hypothesis validation was for-
mulated in this thesis, and was developed in three directions. One consisted
of time-frequency analysis of numerical target scattering model as well as of
experimental data. In Chapter 4, the next approach was founded on a filmstrip
demonstration of flexural wave radiation and propagation process as it revolves
around a flush buried target. The third approach was based on a novel focused
beamforming approach developed and analyzed in Chapter 4.
e Chapter 3 was devoted to target scattering numerical models. In order to
accomplish the objective of the thesis that is concerned with ways to compute
the scattered field from buried elastic shells, two types of numerical target
scattering models were considered. One type consists of a beam-pattern shaded
point scatterer developed by Lee and Schmidt [36] that had initially employed
a 2D target scattering representation, making use of the complete axisymmetry
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of the spherical shell scattering problem, while assuming the incident field to
be a plane wave, which, by its nature, is also symmetric about the rotational
axis of the shell.
- The question we had asked was weather this type of a model would be
able to capture the peculiarities of target scattering caused by evanescent
insonification, which is not symmetric about the axis of rotation. There-
fore, a full 3D elastodynamics approach to target scattering previously
formulated by Park [37] was implemented instead.
- In our implementation of the method, the incident field in general direction
needed to be represented in the appropriate way, by expanding it in terms
of spherical harmonics. In section 3.3.4 we derive the total expression for
the wave filed accordingly. By doing this, we define appropriate bound-
ary conditions, and we numerically solve the unknown potential functions
coefficients.
- By comparing the results generated using 2D and 3D target scattering
formulations for both propagating and evanescent incidence, we obtain
identical 2D and 3D target scattering functions in both cases. We have
therefore concluded that the 2D or axisymmetric formulation is capable of
capturing the physics of spherical shell scattering under evanescent insoni-
fication.
- However, due to the decoupled nature of the incident and scattered fields
in the 3D formulation, we obtained a vastly superior method in terms of
190
numerical efficiency, as it is faster by many orders of magnitude for wide
incident spectrum.
- In addition, the 3D method also allows now for a wider range of modeling
possibilities such as a change in the azimuthal angle of the incident field,
as derived and implemented in section 3.3.4.
* In section 3.5.3 we formulate and develop a new kind of 3D target scattering
models based on virtual source distribution that can represent scattering from
partially buried objects, where the target and the seabed interface can be of
arbitrary shape and the multiple scattering between the object and the seabed
interface is taken into account.
- A significant difference in this approach compared to another virtual source
approach developed by Schmidt [42] subsequently and described in sec-
tion 3.6.2, is that in our formulation, the seabed-water interface is dis-
cretized in addition to the target surface, allowing the following to be pos-
sible: 1) the seabed-water interface can be shaped in any irregular manner,
2) point source greens functions can be used for partially buried targets
instead of the more numerically expensive half-space greens functions.
- On the other hand, by placing the virtual source distribution beneath the
water-seabed interface as well as around the target boundary, an intricate
relationship between the sediment virtual source strengths, and the target
virtual sources is imposed that due to the complexities involved may lead
to instabilities in the source strength matrix.
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- The scattered field for a fluid-filled flush buried sphere and a partially
buried sphere was obtained. Initially the method was tested by first check-
ing the transparency of a sediment patch with water-column properties.
It was established that the degree of success of how well the boundary
conditions imposed are satisfied is directly related to a couple of parame-
ters of the virtual source formulation, and primarily to a ratio defined as
rat = COEFF * dd/dn that relates the vertical separation of the source
distribution from the object boundary dn, to the horizontal virtual source
separation dd.
- Using convergence analysis, it has been found that the value of the coeffi-
cient COEFF = 0.7 renders the sediment patch transparent enabling the
imposed boundary conditions to be satisfied on every discretized segment.
- In addition, the scattering function of a fluid filled sphere alone was com-
pared to that of a sphere under a transparent fluid-sediment interface in
order to test how well the imposed boundary conditions were satisfied for
an object under a transparent interface. At a considerably high frequency
of 1 kHz it has been established the coefficient that gives the best results
changes to COEFF = 1.0, as opposed to COEFF = 0.7 for the transpar-
ent patch alone.
- Based on the analysis performed, it has been concluded that utilization of
a neural net, simulated annealing, or some other minimization algorithm
to aid in the above mentioned convergence process, should be considered.
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If successful, the adaptive nature of a neural net would quickly home in
on the optimal values of several related parameters across an increasingly
complex configuration case set.
* In Chapter4, results from the GOATS98 experiment and the virtual source
model developed by Schmidt and described in section 3.6, were used in order
to analyze the mechanisms of scattering from buried targets under subcriti-
cal insonification. By comparing the filmstrips of numerical flush buried shell
responses under both evanescent and propagating insonification for single scat-
tering and multiple scattering approaches the effects and significance of multiple
scattering was discussed and it was established that it offers a possible identi-
fication point for buried target classification.
The difference between the specular and the flexural AO response under prop-
agating and evanescent insonification is shown and the identified details of AO
radiation process were linked to Schmidt's hypothesis.
* In Chapter 4, time-frequency analysis of the flush and partially buried shell
response was done for both the experimental data and the virtual source model
data. It was formulated that the clockwise and counterclockwise parts of elas-
tic arrivals under evanescent insonification travel different paths. The paths
were determined and the expected times of arrival for the specific configuration
calculated using the time-of-arrival tool. Therefore, different waveforms in the
specular and the elastic response were identified and the following points about
their amplitude content, frequency content and timing were made. For the flush
193
buried target in plane receiver:
- For the first time in literature the difference in the frequency content of
counter clockwise and clockwise flexural AG and compressional SO arrivals
is established and addressed in both the experimental data and the nu-
merical model. The explanation is tied to two physical mechanisms taking
place during the shell radiation process. One is related to the fact that
AOI and AOII arrivals travel different paths around the shell, sediment and
water and their frequency content is therefore attenuated differently by the
environment. However it was also observed in both the experiment and
the model results that the flexural arrival has higher frequency content
than the specular therefore giving experimental proof for Schmidt's hy-
pothesis about the physics of evanescent scattering which postulated that
for higher frequencies the evanescent insonification efficiently couples into
the flexural Lamb wave and therefore is high-pass filtered relative to the
specular. In addition, it was shown here that the compressional wave SO
exhibits the same type of high-pass filtering.
- Furthermore, a difference in the amplitude content of the counter clockwise
and clockwise flexural AO and compressional SO arrivals is observed.Physically,
this is a consequence of the exponential dependence of the incident wave
amplitude on depth.
- As far as experiment-model comparison is concerned, it is observed that
in the model AOI component of the flexural Lamb waves is of significantly
194
lower frequency and amplitude than in the experiment. Also regarding
the agreement of timing of elastic arrivals between the model and the
experiment, it is calculated that there is at most 0.2 ms difference between
the two, particularly apparent for AOII arrival.
* In the case of the flush buried target out of plane receiver the following was
concluded:
- the experimental data consistently assign higher frequency contribution
throughout the various wave types of the target elastic response and the
specular response, than the corresponding model results.
- Also, the amplitude content of AOI relative to the specular is 8 dB higher
in the experiment than in the model
- The obtained insight that calculated expected times of arrival coincide
with the experimental data, but are in some instances offset from model
data, may point at some inconsistencies in the timing of arrivals generated
using the virtual source model.
- Furthermore, drawing a parallel between the in plane receiver responses
and out of plane receiver responses, for both the model and the experiment
the compressional SOII is stronger, relative to the specular, and of signif-
icantly higher frequency in the out of plane than in the in plane receiver
case. Both of these observations offer yet another identification point use-
ful for classification in this case differentiating between the in plane and
azimuthally out of plane scattering direction.
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* The partially buried target out of plane receiver case was analyzed using the
experimental data and the virtual source model resulting in following conclu-
sions:
- From the experimental data it was concluded by considering the combined
effect of the evanescent and propagating insonification, that a difference
exists in the amplitude and the frequency content of SOI and SOII, clockwise
and counterclockwise, components of compressional waves. In addition, a
3 kHz difference in the frequency content of AOI and AOII components of
flexural waves was also observed. Since such a difference was not observed
for propagating incidence only, it can be concluded that the difference in
the amplitude and the frequency content of clockwise and counterclockwise
components of elastic waves on a partially buried target can be attributed
to the physical mechanisms of evanescent field insonification.
- As far as validating modeling capabilities against the experimental data, in
the time series, it is noticeable that the amplitude and shape of the spec-
ular, the amplitudes of the elastic returns with respect to the specular, as
well as the elastic wave shapes compare well between model and experi-
mental data, offering more evidence for the validity of the virtual source
partially buried target model formulation described in section 3.6.2.
- As far as the timing of the arrivals in the modeled results is concerned,
throughout the response it is nearly in agreement with the experimental
data, with the most difference of 0.17 ms observable for the AOII arrival.
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* In Chapter4, array processing and analysis of experimental and model results
was also done. Using the Hilbert transform, complex envelope representation
of the experimental and model results was obtained.
In the case of the flush buried shell:
- By calculating the expected times of arrival using the time of arrival tool all
of the experimental shell elastic responses were identified on the complex
envelope plot. This, in itself, is a meaningful contribution, since until now
for the flush buried shell in GOATS98 data, very few elastic responses were
identified, and that was only done for supercritical insonification [1].
- In conclusion, comparison between complex envelopes of the experimental
and model data shows that given the GOATS98 experimental configuration
the model is capable of generating the scattered field from the flush buried
and the partially buried target that in many ways compares to the scattered
field obtained at sea.
- The main differences are: the timing of the specular and the first several
elastic arrivals corresponds to the model times of arrivals, while later in
time, there is a change in the hyperbolic shape of arrivals pointing at a pos-
sible non-stationary receiver during the experiment. Also, the difference in
the relative strength of the AOI and AOII arrivals with respect to the spec-
ular, where in the model AOII is much stronger than AOI points towards
the model representation that is different from the observed experimental
data.
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In the case of the partially buried shell:
- Model and experimental results compare well in shape and in the relative
strength of the propagating specular as well as the first few elastic arrivals
that could be identified, validating the virtual source model's ability to
handle partially buried targets.
- The timing of specular and elastic returns between the experimental and
model data is in better agreement for forward scattering receivers than for
backward scattering ones.
* In Chapter4, focused beamforming of model and experimental data was con-
ducted at a fixed elevation and varying azimuth and information about the
azimuthal angle of specular and elastic arrivals and focusing capability was
obtained.
- However, it was understood that the genuinely useful information for por-
traying the larger picture of the overall buried shell scattering and radiation
problem, would come from establishing the elevation angle at which the
specular and the elastic returns emerge from the seabed into the water-
column rather than enforcing a specific elevation angle.
- The ranging elevation angle provided information about the sediment prop-
agation paths of particular shell radiated wave types, and therefore gave
insight in the physical phenomena that take place around the radiating
sediment loaded shell.
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* In Chapter 4, a unique representation of the beamformed seabed radiation
strength was developed by: 1) obtaining focused beamforming results for rang-
ing azimuth and elevation, 2) projecting the elevation-azimuth pairs to the
seabed interface, 3) introducing a novel way of delaying the beamformed data
in order to obtain the seabed radiation strength in real-time as a response to
the radiating shell beneath it.
The following was concluded from the experimental and model beamformed
results:
- The physical significance of the results, lies in the fact that they unam-
biguously show that under evanescent incidence, in bistatic configuration
the elevation angle of specular and elastic arrivals at which they emerge
from the seabed into the water column is different, and therefore travel to
the seabed-water interface at different elevation angles.
- In addition the analysis quantitatively demonstrates, in both experimental
data and model result, that the elevation angle at which structural waves
travel to the water-seabed interface is shallower than the specular arrival,
confirming Schmidt's hypothesis.
- In the analysis of the experimental data, a physical explanation was offered
for a change in the angle of arrival of structural wave multiples as they
circumnavigate the buried shell.
- This analysis has established that the nature of the physical processes
taking place can not be described using the so far used traditional wave-
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tracing arguments that assume all of the wave paths as to and from the
target, rendering them inadequate.
- Furthermore, related to the detection of fully buried targets which was
so far considered a challenging problem and up to now commonly used
returns was the specular response alone, here shown specifics of the struc-
tural waves radiation from the shell, propagation through the sediment
and coupling back into the water column as propagating waves, proves a
clear and an efficient way of so called 'smoke-shifting' of these otherwise
hardly detectable targets.
5.2 Recommendations for Future Work
Future work can be identified in three areas of the context of this thesis.
a Concerning target scattering modeling, there are two promising directions in
which the virtual sources models can be developed.
- One direction is related to a the placement of virtual source distributions
for different object shapes and configurations. As mentioned in Chapter 3,
currently, there is no analytical or other expressions to determine the the
ratio of horizontal source separation to vertical source distance, and there-
fore it is one of the future goals of this work to associate an appropriate
distance to a certain boundary characteristic. An analytical formulation
that relates object curvature, vertical to horizontal distance, wavelength,
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and the properties of the media would be optimal, but it is unlikely that
it exists in a general from that would satisfy all of the potential configu-
rations that the model can handle. However, it is very likely that problem
specific guidelines for the placement of the virtual source distribution can
be defined, and the positions optimized using some of the optimization
algorithms such as neural nets or simulated annealing.
- The other direction of model development is related to interfacing the
virtual source formulation with a finite element approach in order to be
able to handle any realistic objects such as stealth mines. Some work in
this area is already in progress [47].
e Concerning experimental and model data processing, several interesting and
new points about the physical mechanisms of subcritical elastic shell scattering
were brought up an investigated. It has been shown that both experimental
and model data exhibit manifestations of the observed and explained processes.
However, some disagreements between the experimental and model shell re-
sponses still exist and the future investigation can concentrate on the following:
- In the flush buried target case, the amplitude of the AOII return is persis-
tently stronger than the AOI for all receivers and all time. In the exper-
iment the relative strength of AOI and AOII arrivals is dependent on the
azimuthal position of the receiver.
- In addition, further investigation can be devoted to methods of determin-
ing phase and group dispersion curves of elastic waves under subcritical
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insonification, and therefore the speeds at which these waves travel, which
would reflect on their perspective times of arrival.
* While GOATS98 data proved to be extremely rich and very useful for investi-
gation of many physical processes associated with subcritical and supercritical
insonification of shells proud or buried in the sediment, it is also considerably
intricate since the target field consisted of several closely spaced targets. In
addition, the shallow water environment and the uncertainties in the HLA posi-
tion introduced several related factors that made the data analysis challenging.
Since now specific evanescent field scattering mechanisms of interest have been
identified and their manifestation in terms of amplitude content, frequency con-
tent and timing determined, it may be beneficial to design a phase of a future
GOATS experiment with the above mentioned physical processes in mind. The
experiment could be somewhat simpler in target field configuration, but would,
for example, use several HLA positions to extensively explore the evanescent
scattering phenomena.
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Appendix A
Approach to Resonance Frequency
Extraction, Identification, and
Dispersion Curves Generation
In here, the process of extraction and identification of resonance frequencies for ra-
diating shell response spectrum is described. This process ultimately yields flexural
and compressional dispersion curves which were used in this thesis in Chapter 2 in
order to address the speeds at which compressional SO and flexural AO waves travel
around buried shells. Resonance frequency extraction and dispersion curve genera-
tion was carried out by Tesei[1] at SACLANT Underwater Research Center in La
Spezia, Italy. However, for completeness purposes, the method is briefly described
and analyzed here, and the finer points and assumptions are pointed out.
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A.1 Resonance Frequency Extraction using Au-
toregressive Parametric Estimation
The parametric estimation method used by Tesei for extracting elastic resonance
modes of SO and AO waves from the shell scattered response, is described in this
section.
In Resonance Scattering Theory (RST) [48] formulation, scatterers are character-
ized by detection and localization of modal resonances in their response. As shown in
RST, the modal resonances correspond to the poles of the rational transfer function
(TF) of the scatterer. Therefore, the scattered response from an elastic object can be
characterized by a Liner Time-Invariant (LTI) discrete time system with a rational
transfer function. The approach for estimating the poles of the LTI system is based
on a representation of the TF by a parametric autoregressive (AR) model [49].
AR representation is particularly useful for representing target responses charac-
terized by a set of narrow peaks in the frequency domain, as it provides more accurate
spectral estimates of peaked functions than FFT-based non parametric methods.
By defining an input sequence u[k] and the output y[k], the data are related by
the linear constant coefficient difference equation
Za[l]y[k - 1] = u[k] (A.1)
1=0
which is strictly an AR process of order p, where the polynomial order p corresponds
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to the number of resonances of the system. The TF H(z) becomes
H(z) = Z = eTW (A.2)
A(z)
where A(z) is the z-transform of the AR branch
A(z) = 1 a[l]z-' (A.3)
1=0
For causality and stability purposes it is assumed that A(z) has all its zeros within,
or on the unit circle in the z-plane.
A critical phase of the AR estimation, is the determination of the polynomial
order p which is in turn related to the spectral characteristics of the input and output
signals. The order p has a potential of greatly affecting the accuracy of estimation.
The method of selecting an optimal structure out of a set of possible choices is known
as Akaike's Information Criterion (AIC) and was used here for model order selection.
It consists of the minimization of a cost functional with respect to the parameters of
the structure.
In [1], AR estimation was applied to the impulse response of the GOATS98 flush
buried target experimental data. In theory, only the poles that lie on the unit circle in
the z plane are resonances. However, in the case that has been analyzed, SO wave is
almost non-dispersive in the 2 - 15 kHz frequency regime, and A0_ has relatively low
dispersion below the coincidence frequency, therefore the corresponding elastic modes
were expected to lie within a finite annulus defined in the z plane as 0.9 < Izi < 1. As
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a result, a set of elastic wave resonance frequencies [fkAR , k - 1, ... K] were extracted
from the GOATS98 experimental data.
A.2 Resonant Frequency Identification
Now that the required set of resonance frequencies [fkR, k = 1, ... K] has been ex-
tracted from the data, it was necessary to assign the frequencies either to compres-
sional SO or flexural AO waveforms. A resonant frequency identification model of
expected resonance SO and A0_ in free field was developed by S. Kargl and was
based on a theoretical formulation for thin shells derived by Kaplunov and presented
by equations (9.4.9) and (9.4.13) in [50]. In this representation, the dynamic the-
ory of thin walled linearly elastic bodies was treated as an asymptotic branch of 3D
elasticity, free of ad hoc assumptions. This theory's most important feature is that
it takes into consideration phenomena characterized by the wavelength having the
order of the thickness of a body, and by the time scale of the order of the time elastic
waves take to propagate the distance equal to the thickness.
Since the method of resonance identification has been originally developed in free
space, it was adapted in [1], making it applicable to buried targets as well. The
external sound speed and density required by the original algorithm were substituted
with the effective speed c'f{ and density pe{. Therefore, the resonance identification
model produces a set of resonance frequencies given by
[ftn,,I ni = 1, 2, ... , 1 , 1 L] (A.4)
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where 1 is the wave index L = So, Ao_, and n, is the resonance modal order of the 1
wave type.
The AR-based extracted set of experimental frequencies is identified by a simple
association algorithm. The association problem is solved by a distance-based ap-
proach where the set of experimental resonances is identified by a threshold for the
Euclidean distance between the model-experiment pairs.
A.3 Dispersion Curve Generation
Once the resonant frequencies of a flush buried shell response were extracted and
identified they could be used to obtain phase and group dispersion curves of symmetric
Lamb waves SO and antisymmetric Lamb waves AO revolving around the shells buried
in the sediment.
The phase Cph,, and group c,,4, speeds of the n'h modal frequency f, of an elastic
wave revolving around a shell of radius R are given by [48] as
Cph,n = (A.5)
n + 1/2
Cgn = 27rR (fn - f(n_1)) (A.6)
The resonant frequenciesfa of SO and AO waves extracted from GOATS98 data
using the methodology in section A.1, and identified using the approach in section A.2
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Figure A-1: Comparison of SO wave dispersion curves between the flush-buried and
deeply buried cases. The estimated resonance modes are marked with circles for flush
buried and with starts for deeply buried shell - Figure taken from Ref. [1]
were used by Tesei to generate the compressional SO and flexural AG dispersion curves
in Figures A-i and Figures A-2 . Figure A-1 shows the comparison of SO wave
dispersion curves as the burial depth of the shell changes between the flush-buried
and deeply buried cases. The estimated resonance modes are marked with circles for
flush buried and with starts for deeply buried shell.
Figure A-2 shows the comparison of AG wave dispersion curves of the shell between
the flush-buried and deeply buried cases. The estimated resonance modes are marked
with circles for flush buried and with starts for deeply buried shell. The gray strip
shows the transition region around the AG wave coincidence frequency. The data
shown in Figures A-1 and Figures A-2 were used in Chapter 2 to obtain the speeds
at which SO and AG wave-forms revolve around the flush and partially buried shell.
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